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This study contributes to a better understanding of the glacial history of southwest Michigan
through detailed surficial geologic and bedrock topography mapping within the Bronson North
and Bronson South Quadrangles in Branch County, Michigan. This project was supported during
the summer of 2017 by the USGS EDMAP program in conjunction with the Michigan
Geological Survey. Hand-auger borings, grain size analysis tests, passive seismic depth-tobedrock measurements, and ground penetrating radar transects were collected for this study.
There are 350 feet of bedrock relief from west to east across the quadrangles, including a
bedrock cuesta of Mississippian Coldwater Shale. This cuesta underlies an area of streamlined
drumlins in the northern portion of the study area, which become more diffuse to the west of the
study area. Drumlins mapped in the area are composed of diamicton occurring at elevations
above 900ft (274m) in the northern quadrangle. Coarse-grained outwash occurs in swales
between the drumlins. The southern quadrangle is predominantly composed of coarse-grained
outwash, which exhibits a hummocky topographic surface. Surficial sediments in this upland
were deposited within a braided stream system during deglaciation. Glaciofluvial sediments
within these quadrangles were deposited by meltwater streams derived from the Huron-Erie and
Saginaw Lobes of the Laurentide Ice Sheet during final retreat approximately 19,000 cal yr.
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CHAPTER I
INTRODUCTION

Geologic mapping has been the basis of all geological work since the first published map by
William Smith in 1815. Smith published his geologic map of England, created cross-sections and
color codes for the bedrock geology of the country. This was the first of its kind and set the
standard for mapping for some time after. Since Smith’s map, multiple types of geologic maps
have been created to show bedrock topography, surficial geology and more recently, threedimensional subsurface geology. Both subsurface and surface geology can be compiled into one
geologic GIS file within most of the northern United States. This type of file consists of multiple
layers, that together, form a three-dimensional model that shows: 1) the bedrock topography as
the bottom surface of the block, 2) the subsurface sediments as the middle of the block, (3)
surficial deposits as the top surface of the block. These models serve multiple purposes such as:
1) determining the location and extent of aggregate deposits, 2) delineating subsurface aquifers
and 3) determining the possible flow paths of contaminant plumes. Only about ten percent of
Michigan has surficial deposits mapped in detail, although that number is slowly increasing.
However, most other states are progressing with geological mapping at a much faster pace.
Study Area
The study area consists of the Bronson North and the Bronson South 7.5-minute Quadrangles
(Figure 1). These two quadrangles are located in western Branch County within south-central
Michigan, and northeastern Lagrange and northwestern Steuben Counties within northeastern
Indiana. These quadrangles contain a diverse range of topographic features. The northern
quadrangle (Bronson North) is highly drumlinized and contains numerous outwash channels and
kettle lakes. This contrasts with the southern quadrangle (Bronson South), which
1

Figure 1: Overview of the study area for this project. Note: The basemap is from a LiDAR Digital Elevation Model
Hillshade overlain with an elevation DEM at a 3-meter resolution.

2

generally exhibits flat-lying outwash plains. There is also an upland in the southern quadrangles
that ramps to higher elevation upward toward the south.

Two main rivers flow through these quadrangles: 1) the Prairie River in the southern
quadrangle flows northwest towards the St. Joseph River, skirting around the base of the
topographic high and 2) Swan Creek is the main drainage conduit within the northern
quadrangle, and it also flows towards the St. Joseph River to the west. There are two sizeable
kettle lakes, Matteson Lake, within the Bronson North Quadrangle, and Gilead Lake in the
Bronson South Quadrangle (Figure 1) and there are many other smaller lakes, which are used as
surface reservoirs for farm irrigation systems.
Objectives
Creating a three-dimensional geologic map of the Bronson North and Bronson South 7.5minute Quadrangles in western Branch County, Michigan is the main purpose of this project.
During the last thirty years, there has been a major increase in the use of center pivot cropirrigation systems fed by high capacity wells in this area. The need for sustainable aquifers is
vital for this region to maintain agricultural productivity. This project and the resulting map
delineating the aquifer (and aquitard) systems of the area is of critical importance.

Additionally, the need for aggregate resources becomes more apparent each year. Michigan’s
infrastructure has deteriorated to the point where only 21% of the roads in the state are deemed
sufficient (ASCE, 2017), indicating the need for significant road rebuilding. The
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most cost-effective solution is to mine aggregate from local resources; thereby, keeping haulage
distances to a minimum. Presently, however, there are no maps delineating local aggregate
deposits. The map resulting from this project helps to meet this need by delineating any possible
local resources.

The Bronson Superfund site is a local contaminant site resulting from pollutants from the
former: 1). Bronson Reel Facility, 2). L.A. Darling Facility, and 3). Scott Fetzer Facility.
Chemicals such as: 1). volatile organic compounds, 2). heavy metals, 3). polychlorinated
biphenyls, and 4). cyanide were dumped into two large “lagoons” in the northwest corner of the
City of Bronson in the northern quadrangle. These chemicals created major contamination issues
as they percolated into the subsurface and spread into the surrounding area. Information
concerning both the surface and subsurface geology provided by this study will significantly help
in containing and cleaning up this site.

Finally, glacial history and distribution of sediments in this area have been sparsely
researched aside from the work of Leverett and Taylor (1915), Martin (1955) and Farrand and
Bell (1982). These research projects were all done on a statewide, or a countywide scale, and it is
now considered to be low resolution information. More detailed surficial geologic mapping done
at the township scale is needed to help develop more up-to-date data base and a more modern
interpretation of the glacial history of this region.

4

CHAPTER II
GEOLOGY
Bedrock Geology
Michigan has been subjected to significant changes in its climate and landscapes throughout
geologic time. The early part of Michigan’s geological history is defined by the formation of the
underlying bedrock during the Phanerozoic. This portion of the United States and southern
Canada was once part of a large, intracratonic basin known as the Michigan Basin. This basin
formed between the Cambrian and Jurassic Periods as a carbonate-rimmed basin, with
intermittent clastic input from erosion of eastern mountain ranges (Dorr and Eschmann, 1970;
Lilienthal, 1975; Loduca, 2009). Lithology in the basin consists of a Pre-Cambrian granite
basement overlain by younger sedimentary rocks. It is dominated by limestone and dolostones,
while clastic sandstones, shales and evaporites (gypsum/salt) make up lesser amounts of the
basin (Dorr and Eschman, 1970; Gillespie, et. al., 2008; Loduca, 2009; Guzman, 2015, Adducci,
2015). Sediment formations were deposited in the basin atop one another, thereby forming
concentric rings. This results in both vertical and horizontal subcrop variations of the many
formations that fill the basin. The irregularity, and the different sediment types of these rings are
due to multiple transgressive-regressive events and variations in distal clastic sediment input
during deposition of sediment within the basin. The regional geological map (Figure 2) shows
the considerable extent of these formations around the Michigan-Indiana-Ohio region. During
the Mississippian Period, a rise in sea level produced a deep-water environment throughout much
of the Michigan Basin. This deep marine environment led to the deposition of the bluish-gray,
marine-clay, which eventually lithified into the Coldwater Shale (Lane, 1893; Wooten, 1951;
5

Figure 2: Regional view of the Michigan Basin encompassing Indiana, Michigan and Ohio. The Coldwater shale
(underlying the field area is outlined with black: the vertically-stacked, rectangles) is observed in all three states and
has the greatest extent of any formation within this portion of the Michigan Basin. The Marshall Formation (yelloworange) occurs towards the northeast of the field area. Note: Formation names and bedrock lithologies are not
correlative across state boundaries.

6

Dorr and Eschmann, 1970; Lilienthal, 1975; Loduca, 2009). Coldwater Shale consists of
intermittent layers of siltstone, limestone, dolostone and sandstone. The majority of Branch
County is underlain by the Coldwater Shale, and the remaining small portion of the county is
underlain by the Marshall Formation (northeast corner of the county-Leverett and Taylor, 1915;
Wooten, 1951; Martin, 1958; Lilienthal, 1975; Rieck and Winters, 1979; Rieck and Winters,
1982; Kozlowski, 1999; Kozlowski, et. al., 2005; Erber, 2016). This shale has the largest subcrop
extent of any formation within the Michigan Basin because the overlying Marshall Formation
has been eroded away across much of the basin. The shale crops out in the Coldwater River in
Branch County, for which it is named.

The Marshall Formation consists of red, pink, green and grey sandstones and siltstones,
which were deposited during the middle Mississippian Period. The Michigan Basin underwent a
large regression during this period. The silt and sand grains that make up the Marshall Formation
were deposited in a nearshore and/or beach environment. Its deposition, along with sediments
that were to become the Lower Michigan Formation represent a time of coarse-grained siliclastic
input into the Michigan Basin sourced from the erosion of the Acadian Orogeny (Adducci,
2015). It commonly subcrops as a cuesta throughout the southern Michigan Basin (Rieck and
Winters, 1982; Kozlowski, 1999; Kehew et. al., 2012a; Adducci, 2015). The formation is named
after the City of Marshall, Michigan where it was first described by Alexander Winchell in 1861
(Lilienthal, 1975).
Glaciation
Papers referenced concerning glaciations in Michigan originally employed dates that were
either based on Carbon-14 calibrated years, thousands of years ago, or cal yr BP. Due to these
7

variations, all ages have been converted to the modern standard of calendar years before present
or cal yr BP. This was done using an online converter by the University of Cologne (called the
Cologne Radiocarbon and Paleoclimate Research Package; or CalPal). This converter uses the
calibration techniques similar to the process outlined by Stuvier and Becker (1993) and Talma
and Vogel (1993) to calibrate the Carbon-14 years to the calendar year BP standards. These
standards were created prior to atomic bomb testing in 1950 AD. Thus, 1950 AD is referenced as
0 cal yr BP. Overall, the relative difference between radiocarbon and calendar years averages
approximately 22% and increases in error the older the sample is.

During the Pleistocene Epoch, large ice sheets repeatedly covered parts of the Northern
Hemisphere. These ice sheets advanced and retreated, at a rate more frequent than before the
Cenozoic Era. Continental scale glaciations often coincided with mountain-building events
(Benn and Evans, 2010). When Chamberlin, (1894) first defined the glacial periods in the
Midwest, he used four terms: Nebraskan, Kansan, Illinoian and Wisconsinan. Today, within the
Great Lakes region, only the terms Illinoian and Wisconsinan have survived and are used to
define the last two major glaciations that advanced and retreated through the region (Figure 3).
Glaciations that occurred before the Illinoian are now termed “Pre-Illinoian” within the Great
Lakes region (Larson and Kincare, 2009; Kincare, 2010). During the twentieth century,
radioisotopic dating methods, both of organic-rich sediment and marine-isotope rich ice, were
used to refine intervals of the Quaternary Period. Deposits from older ice sheets are widely
unrecognizable because each subsequent advance overrode and deformed the previous glacial
deposits. Deposits resulting from Illinoian glaciation have not yet been found in southwest
Michigan. Latter Wisconsinan glacial advances entrained or erased any sediment deposits of
8

Figure 3: Time-distance diagrams for the glacial episodes and subepisodes of the Laurentide Ice Sheet in the Great
Lakes Region (From Karrow, et. al., 2000, originally modified from Johnson, et. al., 1997).
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earlier glaciations. Possible deposits of the Sangamon interglacial period were found by Gardner
(1997), Flint (1999) and Nicks (2004), but have never undergone radioisotopic, or luminescence
dating to constrain the time of its deposition.

Isotope records have shown numerous glacial and interglacial periods extending back to the
initial formation of the Greenland and Antarctic Ice Sheets. Multiple advances of the continental
ice sheet are represented over the 34 million years of record within the ice sheets (Benn and
Evans, 2010). These marine-isotope record (MIS for short) is separated into well over 100 stages
(Curry and Pavich, 1996; Benn and Evans, 2010). The isotope records are derived from deep-sea
cores that contains fossils of benthic foraminifera and diatoms (Pillans, 2013; Bradley, 2014).
Foraminifera have a CaCO3 (Calcium Carbonate) exoskeleton, unlike diatoms that have a SiO2
(Silica) exoskeleton. Both absorb the necessary elements, especially a range of Oxygen isotopes,
from the water column while excreting them. The ratio of the δ 18O isotopes within the
exoskeletons depends on the climate conditions of the Earth at the time of absorption by the
organisms. When the climate is colder, the heavier isotope, δ18O, is preferentially fractionated
from the lighter isotope by melting or evaporation, leaving the water in the oceans “heavier”.
The “heavier” water consists of two atoms of hydrogen, with an atom of δO18. Precipitation of
the lighter isotope occurs atop glacial ice sheets as snow or rain falls across terrestrial areas,
making the snow (water) that lithifies into the ice of terrestrial glaciers “lighter” than ocean
water. The ratio of the δ18O varies based on the cold/warm relationship of the climate, thus
acting as a proxy to past climatic conditions and temperatures of the world’s oceans (Benn and
Evans, 2010). Marine-Isotope Stages are based on the ratio of δ18O. Higher ratio (even
numbered) peaks represent cold periods (when glaciations likely occurred), and lower ratio (odd10

numbered) peaks represent the warm periods (interglacial periods). The Illinoian glaciation
correlates to MIS-6, the Sangamon interglacial Episode correlates with MIS-5, and the
Wisconsinan Episode correlates with MIS-2 and 4 (Figure 3- Karrow et. al., 2000; Larson and
Kincare, 2009).

The Wisconsinan Episode of Pleistocene glaciations in southwest Michigan is the most
important of these advance/retreat events. Surficial sediments throughout the region are primarily
the result of these Wisconsinan events. The entire Wisconsinan Episode occurred between
79,000 to 9,500 cal yr ago, reaching its Last Glacial Maximum (LGM) around 24,000 cal yr
(Fullterton, 1986; Shackelton, et. al., 1988; Gillespie, et. al., 2008; Clark et. al., 2009; Larson and
Kincare, 2009; Hughes, et. al., 2013). The Laurentide Ice Sheet, at its LGM, reached as far south
as the Ohio River Valley in Ohio, and across to central and southern Indiana and Illinois. This
episode was split into three separate subepisodes by Johnson et. al. (1997). These are known as:
1). Ontario (oldest), 2). Elgin (middle) and 3). Michigan (latest) (Karrow et. al., 2000; Larson
and Kincare, 2009). The Michigan subepisode, which began around 28,000 cal yr BP, deposits
are classified as diachronic, or time transgressive, units (Figure 3-Johnson, et. al., 1997).
Johnson, et. al. (997) also created a classification system based on these diachronic units that do
not correlate across the Great Lakes region (Larson and Kincare, 2009; Larson, 2011).

Advances of the Laurentide Ice Sheet, scraped, reworked, pushed, and washed vast amounts
of rock and sediments across the Midwest United States creating the landscape seen today.
Leverett and Taylor (1915) were the first geologists to map these surficial geologic sediments
and landforms across the Great Lakes region. (Kehew, et. al, 2005; 2012). Leverett
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and Taylor (1915) and earlier regional geologists, have influenced others to study the
asynchronous movements of these three ice lobes. Movements of these glacial lobes have been
correlated within southwest Michigan based on distinct orientations of glacial landforms formed
by each of the glacial lobes (Leverett and Taylor, 1915; Zumberge, 1960). These three lobes
developed as the Laurentide Ice sheet retreated from the LGM, when the ice sheet thinned and
began to become controlled by the basin through which the ice originally advanced. The Lake
Michigan, Saginaw Bay, Lake Huron and Lake Erie basins contributed to the formation of
individual ice lobes for which they are named (Leverett and Taylor, 1915; Wayne and Zumberge,
1965). Each lobe moved across Michigan from different directions and are thought to have
formed the terrestrial termini of the Saginaw-Huron ice stream (Figure 4-Eyles, 2012; Kehew et.
al.,2017). The Lake Michigan Lobe advanced southward into the Lake Michigan basin towards
Indiana before spilling out of the lake basin eastward towards the western coast of Michigan and
eastern coast of Illinois. The Saginaw Lobe, originating from Saginaw Bay, moved in a
southwest direction through the central part of the Lower Peninsula of Michigan. The Huron-Erie
Lobe moved in a westerly direction across southeast Michigan and northwest Ohio. These three
separate lobes moved asynchronously during the Michigan Subepisode (Mickelson and Colgan,
2003; Kozlowski, 1999, Kehew, et. al., 1999; Kozlowski, 2001; Nicks, 2004; Kehew et. al, 2005;
Fisher and Taylor, 2005; Kehew et. al., 2012a; 2013; Ewald, 2012; Guzman, 2015; Erber, 2016;
Kehew et. al., 2017). These interactions formed the multidirectional ridges, swales, vast outwash
plains (sandar) that occur in Branch County. Final retreat of the LIS from the Great Lakes Basin
occurred around 9,500 cal yr BP (Karrow, et. al., 2000; Larson, 2011). The surficial deposits in
southwest/south-central Michigan date from the Wisconsinan. Dominant sediment-landforms in
southwest Michigan include large end moraines (e.g., the Sturgis Moraine), with vast outwash

12

Figure 4: The position and ice flow direction of the glacial lobes of the Laurentide Ice Sheet during late
Wisconsinan glaciation across the Great Lakes Region. Note the position and ice flow directions of the Huron-Erie,
Saginaw and Lake Michigan Lobe in the Southwest Michigan region. Figure from Kehew, Esch and Karki, 2017.

13

plains, ice-walled lake plains, and drumlinized till plains. These landforms formed parallel to the
ice flow direction of their associated glacial lobe.

The Last Glacial Maximum (LGM) position of the Saginaw Lobe during the Wisconsinan is
represented by the Shipshewana Moraine in north-central Indiana (Fleming, et. al., 1997). Ice of
the Saginaw Lobe then retreated to the Sturgis Moraine in southwest Michigan/northeastern
Indiana (Figure 5-Kehew, et. al., 1999; Kozlowski, 1999; Nicks, 2004; Fisher et. al., 2005;
Kehew, et. al., 2012; Horton, 2015; Kehew, et. al.,2017). It is possible that the Saginaw Lobe
retreated further northeastward before re-advancing once again, back to the Sturgis Moraine
position. The lobe eventually stagnated at the moraine, forming the vast outwash fans to the
south of the moraine. This also contributed to the glaciofluvial sediment-rich core of the Sturgis
Moraine itself (Nicks, 2004; Fisher et. al., 2005; Kehew, et. al., 2012; Horton, 2015; Kehew, et.
al., 2017).

The Sturgis Moraine is cross-cut with NE-SW trending tunnel valleys that can be traced
south to the terminal Shipshewana Moraine. This indicates that debris covered ice was deposited
during an earlier, southern advance of the Saginaw Lobe, possibly to its maximum extent. The
debris covered ice later melted, slumps occurred in the valleys and in the overlying Sturgis
Moraine itself (Nicks, 2004; Kehew, et. al., 1999; 2012a). The Union Streamlined Plain is a large
field of streamlined drumlins centered around Union City, Michigan (this would be a position
farther up-ice) and it formed during either 1) an earlier southern advance of the Saginaw Lobe to
the Shipshewana Moraine, or 2) a latter readvance of the Saginaw Lobe to the Sturgis Moraine
14

(Figure 5-Dodson, 1985; Kehew, et. al., 2012). Kehew et. al. (2017) proposed that the Union
Streamlined Plain may have been formed during a later readvance to the Sturgis Moraine
approximately 20,000 cal yr. Permafrost wedging of glaciofluvial sediments near the nose of the
glacier increased basal pore pressure and blocked the drainage of subglacial meltwater. The
buildup of pressure and meltwater at the base of the glacier led to rapid sliding, which in turn
increased deformation of basal sediments. Together, these conditions contributed to the
streamlining of subglacial sediments as drumlins, as the ice advanced toward the Sturgis
Moraine. Eventually, the release of subglacial meltwaters led to the formation of subglacial
tunnel valleys, and broad outwash plains in front of the Sturgis Moraine. Sudden failures of
permafrost dams holding, back subglacial meltwater could also lead to outburst events (Hooke
and Jennings, 2006).

Following the final advance of the Saginaw Lobe to the Sturgis Moraine, outwash sediments
were transported through tunnel valleys and deposited onto the outwash aprons skirting around
the front of the moraine (Kehew, et. al., 2017). The eventual retreat of the Saginaw Lobe was
followed soon after by advance of the nearby Lake Michigan (to the west) and Huron-Erie (to the
east) lobes into territory previously occupied by the Saginaw Lobe territory prior to 20,000 cal yr
(Leverett and Taylor, 1915, Kozlowski, 1999; Fisher et. al., 2005; Brown, et. al., 2006; Curry, et.
al., 2014; Erber, 2016; Kehew, et. al., 2017). Latter movements of these two lobes are thought to
be due to the deep troughs that each occupied unlike the higher elevations that the Saginaw Lobe
traversed. This allowed for the deposition of sediments in this area from the other two lobes
whose sediment compositions differ from those of the Saginaw Lobe.

15

Figure 5: Regional view of area north and east of the Sturgis Moraine.
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Multiple phases of meltwater drainage occurred during stagnation of the Saginaw Lobe
(Kozlowski, 1999; Kehew, et. al., 2012; Erber, 2016; Kehew, et. al., 2017). The first phase
occurred when the Saginaw Lobe was stagnated north of the Thornapple River at the Kalamazoo
Moraine. Meltwater, emanating from the lobe, flowed westward atop buried ice towards the
Three Rivers Lowlands and continued flowing towards the Lake Michigan Lobe (located to the
west), eventually flowing towards the south and west toward Indiana and Illinois (Kehew et. al.,
2017). This flow may have initiated the Kankakee Torrent in Illinois (Curry, et. al., 2014).

Next, another phase began as meltwater emanating from the nearby Huron-Erie lobe flowed
into the Union Streamlined Plain area, spreading out to the north and south. These streams
incised landforms, transported weathered Devonian shales through sluiceways, and deposited
glaciofluvial sediment that buried older till and outwash deposits, throughout Calhoun County
(Erber, 2016; Kehew et. al., 2016). The final phase involved a short-lived, but catastrophic
outburst flood of meltwater derived from the Saginaw and Huron-Erie Lobes. These outburst
waters carved the deeply downcut, and trench-like, Kalamazoo River Valley (Figure 5Kozlowski, 2004; Kozlowski, 2005; Kehew, et. al., 2012a, Guzman, 2015, Kehew, et. al., 2017).
Michigan was ice free by 11,500 cal yr after the final retreat of the three Laurentide Ice Sheet ice
lobes out of the Great Lakes Basin (Larson and Kincare, 2009).
Previous Studies
During the past few decades, nine counties of southwest Michigan (Berrien, Cass, St. Joseph,
Calhoun, Kalamazoo, Van Buren, Allegan, Barry and Eaton Counties) have been extensively
studied. These studies have been done with support from the Great Lakes Mapping
17

Coalition, the Michigan State Geological Survey, and the USGS STATEMAP, EDMAP and
FEDMAP programs (Berg, et. al., 2016). Additional mapping is needed within Branch County,
where glacial interactions between the Saginaw and Huron-Erie lobes are poorly understood.

The Bronson, Michigan area has been included in several studies since Leverett and Taylor
first examined the area as part of their publication in 1915. This volume was an early attempt at
mapping, correlating, and determining the glacial events of the Great Lakes region. This
publication also contained the first published surficial map of the area depicting the extent and
locations of various glacial sediment deposits and landforms within Branch County. This map
was updated by Leverett in 1924, and it was remapped at a higher resolution (1: 500,000 scale)
by Martin (1955) and again, by Farrand and Bell (1982). It was noted that the Eastern-most
extent of the sharply undulating ridges of the Sturgis Moraine extend into western Branch
County. Eastward, from the Sturgis Moraine, a large outwash and till plain extends towards the
southern border of the Union Streamlined Plain (Figure 5-Dodson, 1985). This outwash plain is
bordered by sand and gravel dominated ridges and knolls to the east and to the south within
Branch County. Leverett and Taylor (1915) were limited in understanding the subsurface
geology of this region due to the sparse number of wells drilled deeper than 100ft and lack of
road cuts during the first part of the twentieth century (Zumberge, 1960). There is one oil well (a
dry hole) that they noted in their publication, which shows thin bedded interlayering of finer and
coarser grained materials sitting on a lower diamicton layer. Sand was the pre-dominant grain
size found in this section of the well. The contact between the coarse-grained material and the
diamicton in this well is transitional. This differs significantly from the sharp contacts between
the fine and coarse-grained materials higher up in this section. They also state that the depth to
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bedrock is unknown south of the City of Bronson. Leverett and Taylor (1915) also state that the
Saginaw Lobe last retreated across northwestern Branch County, leaving behind substantial
deposits of outwash sediment atop sediment previously deposited when the lobe had advanced.
They also noted that there was possible influx of sediments derived from the Huron-Erie Lobe,
but mapped no specific evidence of it within the Bronson area. Limited pervious fieldwork and
established stratigraphy of the area hampers the ability to distinguish the Huron-Erie Lobe
sediments from those of the Saginaw Lobe (Zumberge, 1960; Fisher et. al., 2005).

Martin (1958) synthesized an outline of the geology of Branch County. One of the many
observations she made is that Saginaw Lobe deposits have a higher sand content than those of
the Huron-Erie Lobe. Also, Martin (1955) stated that this higher sand content might be due to the
Saginaw Lobes traversed and eroded the Marshall Sandstone as it advanced. Huron-Erie lobe
deposits contain higher amounts of carbonate rocks, probably due to having traversed and eroded
predominantly carbonate rocks throughout southeastern Michigan and northern Ohio. Martin
(1958) also noted that deposition of the vast outwash plains near the City of Bronson, Michigan
involved the presence of stagnant ice during glacial retreat. Blocks of ice, after separating from
the main ice sheet prior to retreat, became buried in outwash sediment during the eventual retreat
of the Saginaw Lobe. Melting of these ice blocks led to the formation of kettle lakes, and the
hummocky surfaces to the south of the City of Bronson. Gilead Lake, in the Bronson South
Quadrangle, is an example of one of these kettle lakes.

Both Martin (1958) and Leverett and Taylor (1915) state that most of Branch County lies
atop the greasy, grey-blue, Coldwater Shale. Outcrops of the Marshall Formation are restricted to
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the northeastern corner of the county. Martin (1958) describes a topographic high within the
southwestern corner of Branch County (within the Bronson South quadrangle) as a ground
moraine but did not provide any further evidence as to the nature and origin of this deposit.
Martin (1958) mapped a large drumlinized area within much of western Branch County and was
also the first to note that these drumlins were both cored with, and partially buried by outwash
sand and gravels. This is especially true the western side of the county.

Stratigraphically, Coldwater Shale lies above the Ellsworth, or Sunbury Shale, in some parts
of the basin, and below the Marshall Formation (Figure 2-Wooten, 1951; Chung, 1973;
Gillespie, 2008; Loduca, 2009). Its lithology varies between shale, and dolomitic/calcareous
limestone. It also varies in horizontal and vertical extent due to the paleogeography of the
Michigan Basin during deposition of the unit (Mississippian Period). Very little research has
been conducted on this formation since its naming in 1893. Wooten (1951) completed a type
locality study on the formation and noted that this formation had large horizontal and vertical
compositional variations (Figure 2). The Coldwater Shale, both in exposure and in cored
sections, becomes more sand-rich near the contact with the Marshall formation (Lane, 1893;
Wooten,1951). Chung (1973) completed studies on the thickness and extent of the formation by
examining 775 oil wells. From the well data, Chung (1973) was able to construct isopach and
contour maps for the southern extent of the Coldwater Shale. Through his work, he was able to
determine that the Coldwater Shale represents the middle portion of the second transgressiveregressive cycle during the Mississippian Period. Loduca (2009) described the Coldwater Shale
stating that its deposition is equivalent to an offshore marine environment. This shale is
composed of distal, clastic, sediments sourced from the erosion of the Acadian Mountains (now
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the eastern United States). There were intermittent periods when coarse-grained sediments were
deposited resulting in thin lenses of silt- and sandstone to be present within the shale. During
regressions, limestone and dolostone beds were formed by carbonate-secreting organisms and
diagenetic events.

Rieck and Winters (1982), using water-well log records of bedrock depths, described the
presence, and location of, bedrock cuestas within south-central Michigan. They determined the
extent of large steep bedrock scarps within the Marshall Formation and Coldwater Shale. One of
these cuestas was mapped by Kozlowski (1999) along the subcrop of the Marshall Formation and
Coldwater Shale. Another cuesta is suspected to lie within western Branch County; however, its
exact location has not been determined. Rieck and Winters (1982) and Dodson (1985) also state
that there is a cuesta within the Coldwater Shale, which differs from other cuestas in this region.
This cuesta is an anomalous. Low-resistant Coldwater Shale (as compared to the more-resistant
Marshall and Michigan Formations) would be expected to have eroded away due to glacial
action, not remain as a high cuesta. Chung (1973) theorized that the abundance of iron
concretions within the uppermost Coldwater Shale might have acted as a caprock and slowed the
abrasion at the base of the glacier. However, neither Rieck and Winters (1982) nor Dodson
(1985) provide any evidence as to how this cuesta might occur. This flat-lying nature of the
lower elevations of this cuesta also coincide with a flat-lying bedrock high shown in bedrock
contour maps of northeastern Indiana by Wayne (1952) and Wayne (1956) at approximately
700ft (213m).

Rieck and Winters (1979) also noted the presence of N-S and NE-SW bedrock valleys in
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most of south-eastern Michigan. Fisher, Jol and Boubreau (2005) also state that within western
Branch County, tunnel valleys from the Saginaw Lobe run NE-SW. Both papers state that the NS bedrock valleys traverse across older tunnel valleys formed by the Saginaw Lobe. Two of the
valleys occur within the Bronson North Quadrangle, but no other bedrock valleys have been
mapped south of these. The tunnel valleys are attributed to large-scale, subglacial, sheet-floods
that scoured away sediments by large, high velocity torrents (Shaw, 1996). This model differs
from that of (Kehew, et. al., 2013; 2017), wherein five different models of tunnel valley
formation were described. The tunnel valleys located north and east of the City of Bronson,
Michigan, the tunnel valleys (interpreted by Fisher, Jol and Boubreau, 2015), cross-cut one
another. Many have eskers deposited within them. These are explained as being tunnel valleys
formed beneath a stagnant glacier. Sediments infilling the tunnel valleys were likely sourced as
supraglacial sediments transported to the base of the glacier through moulin channels (Kehew et.
al., 2012b; 2013). They could also be formed by the collapse of debris and stagnant ice after
erosion.

Another type of tunnel valley occurs to the northwest of the study area in Kalamazoo County.
Here, a NE-SW trending tunnel valley produced by the Saginaw Lobe, located in the modern Al
Sabo Land Preserve, is covered by Lake Michigan Lobe derived outwash sediments (Kehew, et.
al., 2013) This formed as the earlier Saginaw Lobe tunnel channels became infilled by detached
and buried ice blocks. These ice blocks later became buried by outwash sediments emanating
from the stagnant Lake Michigan Lobe. Ultimately, melting these ice blocks caused the
formation of NE-SW trending slumps within the outwash aprons overlying Lake Michigan Lobe
(Zumberge, 1960; Kehew, et. al., 1999; Kozlowski, et. al., 2005; Kehew, et. al., 2012a;
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2012b; Ewald, 2012; Kehew, et. al., 2017). The Saginaw Lobe tunnel valley displays the crosscutting relationship of older Saginaw Lobe tunnel channels being partially buried by younger
outwash sediments. Other examples of tunnel valleys such as these are found within the Sturgis
Moraine, where older advances are buried beneath sediment from more recent advances of the
Saginaw Lobe (Figure 5-Nicks, 2004; Kehew, et. al., 2012a; 2012b; 2017).

Drumlins are dominant geomorphic features in southwest and south-central Michigan. These
landforms are important for determining paleoflow directions of glacial lobes during past glacial
advances. They were first noted by Leverett (1918) and Leverett (1924) who called these
features “streamlined” landforms. Martin (1955) and Martin (1958) mapped these landforms into
southern and western Branch County. Any streamlined landform is generally classified as a
drumlin or drumlinoid feature. Dodson (1985) completed a detailed morphometric survey of
drumlins along the southern edge of the Lower Peninsula. Dodson (1985) named the drumlinized
plain in western Branch and southern Calhoun Counties as the “Union Streamlined Plain”.
Martin (1955) and Monaghan and Larson (1986) also referenced this area as the “Leonidas
drumlin field”. Dodson (1985) used: 1) aerial photography surveys 2) till fabrics and measured
and 3) clay mineral contents on till throughout Jackson, Hillsdale, Calhoun, and Branch Counties
to determine the morphology, distribution, composition, and extent of the drumlinized till plain
(Figure 5). Other objectives of this study were to determine relationships between the bedrock
surface and the landforms, and to use the landforms to decipher the deglaciation of the area.
Dodson (1958) states that Leverett (1924) was the first to identify the drumlinized till plain in
western Branch County. These drumlins formed in large groups behind the ice margin. Dodson
noted that to the southeast of the Tekonsha moraine, drumlins are streamlined; however, to the
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west, they are more prominent and indistinguishable from nearby hills. This is due to their
distinct orientation and high relief over the surrounding lowlands. The streamlined and nonstreamlined hills occur alongside each other throughout the plain.

Dodson (1985) noted till compositions and noted the relationship between bedrock and
glacial deposits. The incorporation of local bedrock into the overlying till also affects the type of
till ultimately deposited. Till is more silty and clayey with a distinct blue-grey color in eastern
Branch County to southeastern Calhoun County. Entrainment of iron-concretions within these
tills is indicative of the underlying Coldwater Shale. Coarser-grained till matrices are present
towards the southern and western sections of the Union Streamlined Plain. Chung (1973) and
Dodson (1985) agreed that the Marshall Formation (towards the north) had affected the till
matrix by incorporation of coarser-grained Marshall Formation sands as well as glaciofluvial
outwash sediments from previous deglaciations.

The Marshall Cuesta, first recognized by Rieck and Winters (1982), is a result of both the
Mississippian Coldwater Shale and Marshall Formation jointly subcropping in the same location
along the northern edge of the streamlined plain (Dodson, 1985; Kozlowski, 1999; Kozlowski,
2005; Kehew, et. al., 2012a; Kehew et. al., 2017). Kehew, et. al. (2017) agrees with the findings
that Dodson (1985) stated that the permeability differences of the underlying bedrock was a
possible contributing factor to the formation of the streamlined landforms. The low-permeability
of the Coldwater shale contributed to higher basal pore pressure beneath the overriding glacial
lobe. This increase in basal pore pressure would contribute to the faster flow of the glacial ice,
and weaker till rheology. The weaker till rheology, in turn, would allow for the deformation of
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the basal sediments, which, in the case of the Union Streamlined Plain, would be in the direction
of ice flow. The more streamlined drumlins occur directly above the underlying Coldwater Shale
bedrock.

The areas surrounding Branch County have been mapped for USGS STATEMAP, EDMAP
and Great Lakes Geologic Mapping Coalition projects since the early 1990’s. These mapping
projects include both field mapping and drilling. The advent of new technologies, such as
LiDAR imagery and DEM’s, have increased the geologist’s ability to classify landforms and
topography of previously glaciated areas. Kehew, et. al. (2012a) classified the landsystems of
southwest Michigan based on the regional classification scheme developed by Colgan, et. al.
(2003). Four landsystems are defined, (A, B, C, D). Landsystem B by Colgan, et. al (2003), is
classified by Kehew, et. al. (2012a) as Landsystem 1. Landsystem 1 relates to Branch County
and eastern St. Joseph County, and is defined as a morainal, and distal morainal, region of high
ridges, outwash plains and drumlinized regions northwest of the Sturgis moraine. The area
classified as Landsystem 1 lies between the Indiana-Michigan north through Calhoun County
while Landsystems 2, 3 and 4 are located northeastward of Branch/Calhoun Counties (Figure 6).
The landforms within Branch County have been recently mapped, while the surficial geology has
not been mapped since Martin (1955). Leverett and Taylor (1915) and Zumberge (1960) states
that this region is where the interlobate boundary between the Huron-Erie lobe and Saginaw
Lobe is poorly defined. Kehew, et. al. (1999), and (2017) proposed that the Saginaw Lobe had
thawed-bed conditions in the ablation zone but had frozen-bed conditions near the ice margin.
This type of wet based glacier would account for the vast amounts of subglacial meltwater,
resulting in accumulation of sediments sourced from erosion of low-resistant bedrock and
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Figure 6: Glacial Landsystems of the Lower Peninsula of the State of Michigan for the Saginaw Lobe of the
Laurentide Ice Sheet. The majority of Branch County lies within glacial Landsystem 1, while Landsystems 2,3, and
4 lies to the northwest of Branch county. Figure from (Kehew, et. al., 2012a)
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reincorporation of previously deposited glacial sediments.

The Tekonsha Moraine, within central Calhoun County, was first described by Leverett and
Taylor (1915) and was identified based on its surficial outwash sediments occupied higher
elevations than the surrounding outwash plains. These observations have been re-examined
during the past two decades. Higher-resolution aerial imagery has revealed that drumlins,
generally found up-ice from the ice margin, lie within the outwash fans along the northern edge
of this “moraine” (Fisher and Taylor, 2002; Kozlowski, et. al., 2004; Kozlowski, 2005; Kincare,
2012; Kehew, et. al., 2012; 2017). Attig et. al. (1986) described moraines of the Green Bay Lobe
in Wisconsin as high relief areas, generally cross-cut with tunnel channels. These features are
thought to be the result of frozen beds of the glacier. They also described drumlinized areas that
occur up-ice from the margin as being the result of warm-based ice, or ice above the pressure
melting point during the advance. This does not appear to be the case for the Tekonsha
“Moraine.” Rather, the Tekonsha “Moraine” appears to be the result of a small re-advance rather
than a minor ice-margin setting (Kozlowski, 1999; Kehew, et. al., 2017).

Ice-Walled Lake Plains are flat topped plateaus, generally greater than a kilometer in
diameter, and rise no greater than a few tens of meters above the surrounding areas (Clayton, et
al., 2008; Allred, et. al., 2014; Petras, 2014; Dalbec, 2015). Generally, they are composed of
laminated silts and clays with a diamicton, or coarse-grained sediment, rim around the edges
(Benn and Evans, 2010; Allred, et. al., 2014). Rims of the lake plain represent later deposition
due to slumping supraglacial till, or coarse-grained material, into the lake (Clayton and Cherry,
27

1967; Petras, 2014; Dalbec, 2015). The sediments that occur in the ice-walled lake plain were
originally deposited as part of a supraglacial lake, with a diamicton ridge around the lake. This
leaves the central part of the lake basin flat-topped as subsidence and collapse occurs around the
edges during melting of the surrounding ice. The slower the ice melts below the sediments in
these supraglacial lakes, the more defined the lake plain becomes due to an accumulation of
thicker package of laminated sediments. These features are common on the Sturgis Moraine
Landsystem 1), suggesting stagnation and the presence of debris covered stagnant ice blocks at
the ice margin (Kehew, et. al. 2017).

Kames are conical hills of sand and gravel formed by the transportation of supraglacial
sediment to the base of the glacier or deposition by direct ice-contact glaciofluvial drainage
(Ritter, 1978; Ehlers, 1996; Benn and Evans, 2010). Kames have been also found to occur as
flattened, elongate, or irregularly shaped mounds. The internal structure consists of bedded sands
and gravel, that are generally well sorted (Ehlers, 1996). These occur near the mouths of tunnel
valleys or in association with an ice-margin. They commonly occur near the Sturgis and
Kalamazoo Moraines in southwestern Michigan (Kehew, et. al., 2012a).

Sandar are another landform associated with meltwater sediments. Sandar are formed either
as valley trains, associated with a single mountain glacier, or as plain sandar formed by
coalescing braided meltwater streams with little-to-no lateral constraints (Ritter, 1978; Maizel,
2002). Sandar sediments are usually deposited as bedload, such as rounded gravel and coarse
sand in gravel-and-sand bars (Krigstrom, 1962; Benn and Evans, 2010; Boggs, 2012).
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Monaghan and Larson (1986) distinguished two till units in the Saginaw Lobe area. These
are the Bedford Till and Fulton Till. The Bedford Till is the surficial till deposited by the
Saginaw Lobe north of the Tekonsha Moraine in Landsystem 1 and 2, near the Lansing Moraine.
The Fulton Till covers the Tekonsha Moraine and the area south of the moraine. The mean grain
size values the Bedford Till are 51% sand, 41% silt and 8% clay. This compares to the values of
43% sand, 44% silt and 13% clay for the Fulton Till. These tills and outwash intervals date the
Saginaw Lobe in the area to before the Erie Interstade approximately 17,000 cal yr. The Fulton
Till was deposited as the Saginaw Lobe advanced from the Lansing Moraine in the north to the
Union Streamlined Plain, in the south. It then retreated north to the Lansing Moraine position.
Retreat of the Saginaw Lobe deposited coarse-grained outwash atop the Fulton Till during the
Erie Interstade. The final advance of the Saginaw Lobe led to deposition of the coarser-grained
Bedford Till to a position at the Kalamazoo Moraine position. The coarser-grained matrix
Bedford Till, compared to the older Fulton Till matrix, is due to incorporation of previously
deposited outwash sediments (probably at the base of the glacier). This agrees with the findings
of Dodson (1985), near the western and southern ends of the Union Streamlined Plain.
Fragments of the Marshall Formation, along with previously deposited outwash sediment, have
been incorporated into the Bedford Till; thereby, increasing the percentage of sand content
within the matrix of the diamicton. Kozlowski (1999), Ewald (2012) and Guzman (2014) also
noted that the surface diamicton within southern Calhoun, southern Barry and central Kalamazoo
County, had coarser-grained matrices than those found by Monaghan and Larson (1986). Based
on their findings, Monaghan and Larson (1986) stated that the Kalamazoo Moraine of the
Saginaw Lobe and the Powell Moraine of Huron-Erie Lobe were correlative based on their
morphostratigraphic similarities (features emplaced prior to the Erie Interstade).
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Erber (2016) analyzed sediment cores to distinguish between Saginaw Lobe and Huron-Erie
Lobe provenance. Four geoprobes and one rotosonic core were collected in Calhoun County
in the Union Streamlined Plain and the St. Joseph River Valley sluiceway. Grain lithologies were
used to differentiate between the deposits of the Saginaw and the Huron-Erie Lobes. Erber
(2016) stated that Anderson (1957) was the first to discover that the Lorrain Quartzite is only
found within sand grains of the Saginaw Lobe deposits. However, this has since been proven
invalid with the discovery of an erratic of the quartzite in Iowa. While Lovan (1977) used X-ray
diffraction and heavy mineral ratios to differentiate Lake Michigan and Saginaw Lobe materials.
Erber (2016) noted that sand-sized grains are the most useful for characterizing lobe origin. The
Saginaw Lobe contains more metamorphic/igneous rock fragments and quartz-rich grains,
whereas the Huron-Erie Lobe contains more carbonate/ Devonian shale-rich grains. This result
agrees with Martin’s (1958) description of more carbonate-rich deposits being observed in the
Huron-Erie Lobe relative to the Saginaw lobe.

Ground Penetrating Radar has been employed in conjunction with surficial geologic mapping
projects to determine sedimentary structures in the subsurface. Pascucci, et. al., (2009) utilized
GPR to map beach sequences within Pleistocene deposits in Georgian Bay and in Hamilton,
Ontario. They used both the 100MHz and 50MHz antennas to record subsurface profiles along
the bluff faces in gravel pits. These antennas had 1-meter and 2-meter spacing with the 100MHz
and 50MHz antennas, respectively. They made calibration profiles along the top of the exposed
sediment faces to determine the subsurface reflector times, and the velocities to those reflectors.
These sediment structures observed in the sediment face were then used to verify the geometries
of the sediment structures in the subsurface. The overall objective of
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constructing the profiles was to determine the subsurface materials, and the structures of those
materials. Some researchers have used GPR to map permafrost within surficial deposits in tundra
conditions.

Polin, Allard and Sȇguin (1992), completed five GPR profiles along gravel pits in
Kangisqsualujjuaq on the east coast of northern Quebec. These profiles were made to determine
subsurface sediment structures and location of permafrost/water boundaries within the
permafrost. This area in northern Quebec has very limited subsurface data due to the remoteness
of the field location, combined with very little borehole data. There are a few intermittent
sediment outcrop locations, but no in-situ permafrost was found at these locations. However,
interpretations of these profiles were aided by previous electrical resistivity, self-potential and
induced polarization surveys. GPR electromagnetic surveying helped further these interpretations
providing a cross-section (2-D) image of the subsurface and aiding in the: 1) correlation of the
electrostratigraphy of the area, 2) sediment layers and, 3) structures below the surface. There
were large gaps in the GPR profiles where permafrost mounds were buried in coarse and
lacustrine sediment (based on the nearby outcrops). Previous geophysical survey data helped for
interpreting the dielectric and conductivity changes of the different sediments below the surface.
While most of these studies were modestly successful, there were a few cases where the GPR
was found to be unusable. This was mainly due to road or soil conditions. Kozlowski (1999)
could not complete surveys in the Union City area due to road and subsurface sediment
compositions. This was due to the highly conductive brine solutions used to melt snow and
control dust on the roads in the winter and during the winter and summer, respectively. Soil
compositions in this area are also very clay-rich. Subsurface till layers are composed of mostly
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conductive clays, making the antennas “ring”. Passive Seismic Surveying is another proven
geophysical method that can be used in conjunction with geological mapping. This method has
been proven to be extremely effective for mapping sediment thicknesses over significantly
harder bedrock. This has provided data to construct bedrock topography maps in Europe and in
the Great Lakes region. Parolai, et. al. (2002) conducted passive seismic surveys using the HVSR
method near Cologne, Germany. Their tests were done in an area where the base of the surface
layer had a high acoustic impedance (density x velocity) difference relative to the underlying
bedrock (the method presumes at least a contrast of 2.5:1). Their approach employed graphs of
depth versus resonance frequency and velocity versus depth functions. The shear wave velocity
(Vs) vs. depth graph generated shows a steepening S-wave velocity curve with depth. Parolai, et.
al. (2002) state that velocity increases become more gradual at greater depths due to compaction,
increasing the density of sediments with depth. This curve can vary from one location to another
due to the differing shear wave velocity increase (based on the differing compaction or degree of
cementation).

Accera, et. al. (2004) created the Site EffectS assessment using AMbient Excitations, or
SESAME for short. SESAME is used as a reference guideline to verify the validity for each
recording point using the HVSR method (Figure 7). There are nine reference guidelines that
were defined during the SESAME project. These guidelines were used as part of this project,
with 7 of 9 guidelines being the lowest possible number of criteria allowed for accepting a
reading. More recently, Chandler and Lively (2016) reviewed the results of passive seismic work
in the post-glacial landscape of Minnesota and parts of western Wisconsin. Here, the HVSR
method was used to determine sediment layer thicknesses and to detect the extent and existence
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Figure 7: SESAME criteria verification page provided as part of a report for a Tromino reading by GRILLA. Note:
This report shows that the reading met nine out of the nine criteria.
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of bedrock valleys. HVSR becomes more complicated in areas of complex/thick heterogeneous
glacial sediment packages or uneven bedrock surfaces. Multiple sediment packages tend to
create secondary, or false, bedrock peaks in the data. Some sediment packages produce peaks
that mimic the signature of bedrock if the lower glacial sediment (e.g., compact till) has an
acoustic impedance (density x Vs) greater than 2.5 times that of the upper sediment layer.
Estimates for depth error with the HVSR readings ranges between 15-25%. This method, being
generally inexpensive to apply, provides an ample dataset where readings can be repeated to
verify the results. The data collected by the Tromino in this study proved to be significant, even
with a relatively small number of control points.

Three-dimensional mapping is not a new concept to this area. The Union City and East Leroy
7.5-minute quadrangles were first mapped by Kozlowski (1999). His project consisted of
mapping the two quadrangles directly north of the Bronson North Quadrangle. The threedimensional aspect of the project was accomplished by using water-well lithology logs and
depths, drilling nine new exploratory drill holes, and using additional geophysical methods. The
project resulted in the completion of a high-resolution bedrock topography map, a cross-section
showing the subsurface stratigraphy and bedrock topography, and a surficial geologic map of the
two quadrangles.

34

CHAPTER III
METHODS
Surficial Sediment Analysis
Data were gathered during the field work portion of this project. USGS topographic maps of
the Bronson North and Bronson South, and surrounding quadrangles were provided by the
Michigan Department of Environmental Quality (DEQ). Soil surveys, Digital Elevation Models,
and hydrography data were gathered from the Michigan Department of Environmental Quality’s
GeoWebFace, online, GIS data, and geologic resource database. Field work involved the
examination of any surficial exposure in the area and the collection of near-surface soil samples
employing either: 1) hand-auger, or 2) rock pick. Only the sand bucket bit was used with the
hand-auger when collecting soil samples (Figure 8A). These samples were all taken from a
uniform 66-inch (1.7 meters) depth which was indicated by a white line on the handle of the
auger. This depth was chosen to be sure that samples were collected below the variably thick Bsoil horizon. The rock pick, or entrenching tool, was used to expose fresh sediment at an
exposure. Most areas had no road cuts or exposed gravel banks. This method was only used three
times in various gravel pits within the Bronson South Quadrangle. Photos were taken of the
exposed sediment; a scale card was included in the high-resolution photo taken with a phone
camera. Detailed descriptions were made for each exposure, especially exposures in gravel pits
where multiple layers of sediment were exposed. Each site was documented as follows: 1) stop
name and GPS coordinates were noted, and 2) concurrently with sample recovery, a detailed
description and measurement of the sediment was made. These descriptions include grain-sizes,
color, sorting, clast lithology, and an interpretation of the sediment at the bottom of the sampling
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Figure 8: Sieve analysis procedure and equipment used for each step of the surficial sediment analysis method of this project.

hole.

Lab analysis of each sample used equipment located in the Soils Lab in Wood Hall at
Western Michigan University (Figure 8). The processes used mimicked the procedure used by
(Bowles, 1978). The first step in grain size analysis was to remove all the sediment from each
sample bag and place it into a labeled metal pie tin. It was then dried in an oven for 24 hours at
150°F (66°C) to remove all the moisture from the samples. Each sample was then comminuted
and weighed to retrieve 400 grams for the analysis (Figure 8B). Samples were then dry sieved by
placing them in a sieve stack (from top to bottom, Sieve # 5, 10, 18, 35, 60, 120, 230 and pan)
and placed in a Ro-tap machine for ten minutes (Figure 8C). The sediment within each sieve was
then weighed. The sediment in the pan containing the silt and clay fraction, was set aside to be
separated.

When the pan sample contained more fines than coarse grains, a wet, #230 sieve was
required to extract these fines (Figure 8D). The entire 400-gram sample was placed within a
milkshake cup and mixed with tap water. The sample and tap water were then mixed using a
stirring apparatus, and then poured onto the #230 sieve. The sample was then saturated with tap
water and mixed until all the fines were washed through the screen and into the pan. The
collected sediments in the pan were then poured into a deeper aluminum pie tin, while the
sediments within the #230 sieve were placed in a smaller pie tin. Both tins were placed within
the oven for 48 hours at 150°F to remove all moisture. The coarse-grained sediments that were
within the smaller tin, were then dry sieved. The fine-grained sediments that were placed within
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the deeper tin were weighed separately to determine their total weight. The fine-grain sediments
were then powderized for clay/silt separation (Figure 8E). The fines were placed within a labeled
1000mL beaker, and 0.5 grams of Tri-Sodium Phosphate (TSP) were added. The beaker was
filled to the 10cm mark, on the beaker with deionized water and stirred before being placed in
the ultrasonic cleaner for twenty minutes. Beakers were then set aside to sit for two hours.
According to Stoke’s Law, after two hours, the silt fraction will have settled out of solution,
while the clay fraction will remain in suspension (Bowles, 1978; Boggs, 2013). Therefore, after
two hours, the water (clay fraction) in the beaker was removed, and the settled sediment (silt
fraction) was washed out of the beaker into a separate pan. After two days, the pans containing
the dry sediment were weighed and recorded in the analysis log. These data were then used to
determine the lithology of this sample. Data were plotted on two ternary diagrams. The ternary
diagrams show the fine-dominant and coarse-dominant distribution in each quadrangle. The
cohesionless samples were classified using the Schlee diagram, and cohesive samples were
classified using the USDA classification system.
Ground Penetrating Radar
GPR was employed in the southern end of the Bronson South quadrangle to determine
sedimentary structures in the subsurface. The GPR instrument used for this survey was a SIR10A+ GPR model manufactured by Geophysical Survey Systems Inc. (GSSI) in the early 1990s.
This is one of the first digital GPR models allowing for all acquisition and field processing
parameters to be adjustable from the keyboard (Figure 9). Survey scans were started using a
handheld trigger-switch attached to the computer console. Pressing the switch at 100m intervals,
based on the traveled distance determined using a GPS, placed markers on the recording. When
the trigger was held for three seconds, transmission was then stopped, and the recording
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Figure 9: Overview of the Ground Penetrating Radar equipment set up and transect map.

terminated. The two 100MHz antennas were rigidly attached to one another at about a 2-meter
spacing (center to center) and towed behind the vehicle (Figure 9). The unit was set to transmit
and record 80 scans per second, each digitized with 512 16-bit samples. The range or time-span
during which reflections were recorded was set to 200 nanoSec (nS). These data, once received
by the antenna, were filtered and recorded on the hard drive and shown as vertical, colored
modulated lines on the display module.

GPR utilizes radio pulses to map the subsurface. These radio waves propagate through the
subsurface at various speeds depending upon the dielectric constant and magnetic permeability
of the soil or rock (Reynolds, 2011; Lowrie, 2007). The velocity of the radio waves can be
calculated for most materials using equation (1) below (wherein magnetic permeability is
assumed to be that of free space, the speed of light is constant, and electrical conductivity is
small):
1/2

Vm = (c/(εr ))

c = Speed of Light: ~3x108m/Sec (0.3m/nS)
Equation 1

εr = Relative dielectric constant

Not all the wave energy transmitted into the ground from the transmitter antenna returns to the
receiver antenna. Energy losses occur due to four factors: 1) scattering, 2) absorption, 3)
geometric spreading, and 4) wave attenuation. Rayleigh scattering occurs due to objects that are
similar to and smaller than, the wavelength itself, such as boulders, large tree roots and cavities
left by burrowing animals. Absorption of the waves occurs due to Ohmic heating (displacement

40

currents induced by the electromagnetic waves). Ohmic heating is similar to a microwave, which
uses high-power radio waves to cook food (Reynolds, 2011). Geometric spreading of the waves,
in lobate form outward from the transmitter, causes energy (per square meter) to decrease with
distance as 1/r2.

Radio pulses transmitted by the GPR antenna travel through, and reflect/refract, off the
changes in the dielectric constant at subsurface boundaries. This is largely affected by water
content and its conductivity. These two factors have the most control on the wave propagation
and speed of the wave in the earth. This technique displays the greatest effectiveness in drier,
coarser soils where the penetration depth can be up to 5 meters, and in some cases, up to 10
meters deep (increasing with decreasing transmitter frequency). Wet, fine-grained (clay) soils
cause the waves to reflect at the surface, causing a “ringing” or reverberation effect. This is
observed as a set of horizontal lines, indicating little to no depth penetration throughout the entire
scan range. This phenomenon is caused by the high cation exchange capacity (CEC) of clays,
which manifests itself as high surface conduction of the clay grains.

Data were downloaded onto a computer for post-processing using RADAN software,
provided by GSSI. Profiles or transects are not displayed as ‘wiggly line” traces as typically
shown in seismic reflection surveys; but rather, as color modulated vertical lines, one pixel wide
for each scan or trace. Positive and negative amplitudes are converted into colors by a wide
choice of color (or b/w) schemes allowing you to choose your display colors. Blue, Red and
white were chosen for this project, with red representing positive and blue representing negative
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amplitudes. The files undergo a multi-step procedure to produce a useable radargram of the
collected data, displayed in the form of a depth versus distance cross-section along the transect.
Interfering reflections along air paths in these readings can be caused by grounded metal objects
such as irrigation units near or over a road, steel fence posts along the side of the road, and
ground or guy wires from power lines. Several individual processing steps are then applied to
this data set. The initial step was to enter the required parameters into the file header: 1) scans
per meter (10); 2) meters per mark (100), and 3) the dielectric constant (9, used to convert 2-way
reflection time to depth on the vertical axis).

The next step was to normalize, or rationalize, the horizontal scale, converting from scans per
second to scans per meter by using the marks at known (100 m) intervals. Then, a horizontal
filter (7 scans wide) was used to smooth very short wavelength horizontal fluctuations (such as
those caused by the antennae bumping up and down over gravel stones and ruts). Next, a
bandpass filter was applied along the time (vertical axis) to reject frequencies well outside of the
normal range for these antennae (40-150 MHz). After that, a hyperbola was fit to multiple, high
amplitude hyperbolic returns on the record by employing a migration routine. By examining the
curvature of the hyperbola, and given the true horizontal distance scale, the velocity to the
causative point reflectors was determined. These yielded velocities in the range of 0.28 to 0.30
m/nSec, thus verifying that none of these hyperbolic reflections were from depths below but
were determined to be air reflections from objects beside the road (Figure 10). The migration
routine was used to migrate the flanks of the hyperbolae up to the apex, producing a more intense
data point on the record. This effectively removed the hyperbolae that initially dominated the
records. Because the lower part of the records showed repetitive horizontal lines with no vertical
42

43
Figure 10: File06, from 100 to about 250m, showing an example of multiple hyperbolas due to a lateral reflection from multiple air-wave reflections (above), and
after migration processing using the velocity of radio waves in air. Successful migration using this velocity (0.298 m/nanoSec) proves that the hyperbolae were
caused by an air reflection (e.g., not from any subsurface structure).

deviations, a background removal filter was applied to this part of the records to see if some
faint, real, structure could be revealed. The horizontal lines are system artifacts that appear when
the reflections are weak or non-existent. Final processing adjusted the display gains (amplitudes)
to show similar reflection intensities along the vertical time (depth) axis. Final results were
achieved when the dielectric constant used (9, used to convert 2-way reflection time to depth on
the vertical axis), and time range of 200nSec, a maximum display depth of 9 meters was
indicated on the processed files.
Passive Seismic Surveying
MOHO Science and Technology, in 2002, developed the Tromino passive seismic system.
This lightweight instrument is a cheaper alternative to mapping the subsurface geology with
passive seismic methods using earlier bulky and complicated systems. The Tromino is a threechannel seismometer that uses ambient noise to create a record of local vibrations. The three
channels are: 1) horizontal N-S, E-W and, 2) vertical signals. Together, this technique is known
as the Horizontal to Vertical Spectral Ratio (HVSR technique-Nakamura, 1989; Parolai,
Bormann, and Milkereit, 2002; Haefner, et. al., 2010; Chandler and Lively, 2016). This is also
known as the H/V single station method (Scheib, 2014).

The Tromino has three accelerometric sensors to record Rayleigh (vertical and horizontal
particle motion) and Love waves (Shear or SH motion that is only horizontal) at the surface.
Ambient waves are produced by distant seismic activity or by nearby sources such as cars, wind
blowing across the ground surface, etc. Artificial sources such as hammering on a steel plate, or
dynamite, are not included in the signal. Passive seismic signals are not constant, so this requires
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a long sampling period (between 12 and 15 minutes). Even longer sampling periods are required
when dealing with greater depths to bedrock. The Tromino records the amplitude of the ambient
waves at all frequencies between 0.1-and 64Hz. Post-processing software provided by MOHO
(Grilla) is used to analyze the spectral content of each of the three seismic traces. Typical
sampling frequency is 128Hz, and processing windows are 20 second intervals for calculating
the frequency spectra of each of the three channels. The two horizontal spectra are combined,
and then divided, point by point, by the vertical spectrum. When there is a strong contrast in
shear wave velocity (Vs) between the surface layer and the substrate, a clear resonant peak (fr) is
visible on the horizontal/vertical ratio graph. Based on the shear wave velocity of the surficial
layer (glacial drift in this case), the thickness of that layer can be determined using equation (2)
below:
h = sediment layer thickness (either m or ft.)
Vs = shear wave velocity (m/s or ft/s)

Equation 2

fr = resonance frequency

Therefore, the resonance frequency for a given, or known, depth to bedrock (e.g., at wells) can
be used to calculate Vs, using the above equation, or alternatively, to create a calibration curve
(Figure 11). Equation (2) above shows the velocity-depth relationship at an individual recording
site. The more well calibration points available over a significant depth range, the more useful
the calibration curve will be. The equation used to calculate the thickness of the drift, or depth to
bedrock for this study, was first used by Ibs-von Seht and Wohlenberg (1999). This equation is
derived using coefficients from a non-linear regression of depth versus resonance frequency plot
of Equation (3 below) shows the relationship between drift thickness and resonance frequency:
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Figure 11: A: Power-law regression curve for the HVSR calibration points within the Bronson North and Bronson
South quadrangles. The calibration formula, using equation (2), is outlined in red in the top right side of the graph.
B: The same calibration curve, but with units expressed in meters. Note: Some calibration points were taken a few
miles outside the field area in Calhoun County.
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a = x- intercept in log space
b = slope of the regression line
m = thickness of the drift

Equation 3

fr = resonance frequency of a recording site
Despite best efforts, there may still be some errors due to the variability of the glacial lithology
and inaccurate reports of depth to hard rock at calibration wells. Calibration assumes that the
velocity versus depth function is the same throughout the area. This is affected by the variability
of the glacial sediment lithologies within the study area.

Initially, data were collected along two E-W and two N-S transects in the Bronson South
quadrangle, and two E-W and one N-S transect in the Bronson North Quadrangle. Each transect
was composed of a minimum of at least 50 readings to obtain sufficient detail for a developing a
bedrock map. Both quadrangles eventually required more stations than those initially planned
along the transects. Additional stations were added along the transects as the project progressed
to better define the bedrock topography.

Each reading was taken following the same protocol. The first step was to determine a
suitable spot to place the instrument. The criteria used were selected to ensure personal safety
and optimal station spacing within the area. Criteria at every site included: 1) there was sufficient
room to park the vehicle to allow for traffic to pass unimpeded, and 2) there was safe distance
between the operator and the instrument site. This entailed having a flashing hazard light on the
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vehicle, and bright, high visibility clothing for the driver and the riders. The second step involved
finding a spot where the Tromino would not be affected by tall objects such as trees, power poles
and fence posts that can create unwanted noises during windy conditions (Figure 12a). Grass and
weeds can also affect the reading if they make any contact with the instrument (they create a
low-frequency peak in the spectral calculation). The third step involved digging below root level
to place the instrument in firm soil with little to no roots, and then packing the ground. The hole
provided some protection against the wind. Packing the ground helped create more cohesive
conditions for coupling between the instrument and the ground. Unfortunately, most of the soils
in the research area were loose, dry, sandy to loamy soils. This soil required packing, or there
was a much higher chance for poor-quality records due to poor coupling. The fourth step
involved pushing the instrument’s three 5 cm spikes into the soil evenly while simultaneously
keeping the instrument level. Wiggling the spikes for leveling during insertion forced soil away
from the spikes causing the instrument/soil coupling to decrease dramatically. Easing the
instrument in slowly, while level, was the best method. The leveling of the instrument is
determined by a bubble level on the upper surface of the instrument. After leveling, the
instrument was turned on and the settings were checked. Each recording was done using the
same criteria: 1) 18 minutes sampling time, 2) full gain on the amplifier, and 3) 128Hz sampling
frequency. Recording was then started after the “save” setting was activated from the acquisition
display. After completion of these recordings, the instrument was brought back to the computer
lab for down loading and spectral analysis of each recording using GRILLA software provided
with the instrument. From these data, the three individual spectra were determined for each of
the 20-second processing windows. The N-S and E-W spectra were combined to produce a
single horizontal spectrum. Then, the horizontal spectrum is divided (point-by-point) by the
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Figure 12: A. Tromino placement at Site BRA-0277 in October of 2017. B. All the equipment used for the Tromino passive seismic survey system with the
datasheet filled at each site. C. HVSR spectral peak for the BRA-0277 survey site. Note the high amplitude peak and half trough.

vertical spectrum, and the spectral ratio was displayed. Because there are 54 windows in an 18minute sample, the 54 independent spectral ratio curves could be averaged, and standard
deviations of both the amplitudes and the resonant frequency determined. Depth to bedrock (or
other high impedance contrast layers in the subsurface) was then determined (Figure 12C) from
the power-law calibration function. Criteria for accepting a reading were: 1) at least seven of the
nine SESAME reference criteria were satisfied, 2) the H/V amplitude is greater than two (one of
the SESEAME criteria) and 3). a standard deviation was ±0.6Hz or less (Figure 7). There is a
known thick, dense till layer below the surface in the City of Bronson, MI; therefore, some areas
may have two HVSR resonant peaks (Graff., personal comm.). Once the data were plotted (GPS
locations, surface elevations and interpreted depths) a glacial drift thickness and a bedrock
topography map, were then created for the study areas.
Geographic Information Systems
All the data collected were converted to shapefiles and raster plots to create maps in ArcGIS.
The auger/sediment photo-stop data were entered into Excel files under the following categories:
date, time, stop# for the day, stop type, stop name, latitude (decimal degrees), longitude (decimal
degrees), color, sediment assemblage, lithology type and stop notes. These data were placed in
separate data sheets according to the quadrangle, and input into ArcGIS as shapefiles. Maps used
during fieldwork were scanned and projected into ArcMap, and auger/sediment data were used in
delineating the surficial deposits. The HVSR data were entered into an Excel file with the
headers labeled as follows: County, station #, description, date, latitude (decimal degrees),
longitude (decimal degrees), elevation (m), elevation (ft), record time (min), processing window
(s), resonance frequency (Hz), standard deviation of the resonance frequency (Hz), # of
SESAME criteria fit, Vs used (ft/s) or calibration curve constants, bedrock
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depth (m), and bedrock depth (ft). These data were uploaded into an ArcGIS shapefile as points.
Additional data obtained from the State of Michigan GIS Data Portal were also added. These
data included road systems, area hydrography, quadrangle boundaries, and abandoned dryexploratory dry-hole oil well data. LiDAR, at 3-meter resolution, was provided late in the project
by the City of Coldwater, Michigan. The LiDAR also provided more accurate elevation data than
Google Earth elevations or single stand-alone GPS elevations. Indiana Geological Survey’s GIS
portal provided the road, hydrography, and water well data for the Indiana portion of the project.
The “XActo Cross-Section 10” software, created by Jennifer Carrell of the Illinois Geological
Survey, was used to create two-dimensional cross-sections (Carrell, 2015). These cross-sections
used the raster files for the bedrock topography and surface DEM’s, and the lithology, well
depth, and unit thicknesses for water wells within 150 meters of the cross-section line. Threedimensional models were created using software known as ArcScene, by adding the lithological
and deep information from the field area water well logs, bedrock elevations (above sea level)
from the calibration points, and HVSR bedrock elevation calculations and surficial elevations
from the LiDAR data. Used in conjunction, these data sets created the surficial topographic,
surficial/subsurface geologic and bedrock topography block models for the Bronson North and
Bronson South quadrangles.
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CHAPTER IV
RESULTS
Sediment Characteristics of Bronson North
The Bronson North Quadrangle did not have any accessible outcrops or sediment exposures.
This limited the ability to determine the subsurface stratigraphy of the deposits. Water well logs,
retrieved from Wellogic on Michigan’s Department of Environmental Quality GeoWebFace,
were used to determine the subsurface stratigraphy in this quadrangle. A total of 86 hand-auger
soil sample cores were taken in this quadrangle. Forty-five out of the 86 cores, were used for
grain-size analysis. The results of this analysis revealed that sand was the dominant sediment
grain throughout the quadrangle (Figure 13 and Plate A)

Above 900 feet in elevation, diamicton (till) (Qds) is the most abundant surficial sediment
present. The drumlinized uplands are composed of a tan to orange-sandy diamicton that is
generally saturated and dense to the north and west, respectively. The till on average is
comprised of 64% sand, 32% silt, and 4% clay. This composition differs from the Fulton Till
described by Monaghan and Larson (1986). This till in this study instead reflects the texture that
Dodson (1985) and Kozlowski (1999) found within the Union Streamlined Plain. These surficial
till deposits have undergone leaching, which leads to a lower carbonate content than when they
were originally deposited. This was determined by looking for a reaction when 0.1M HCl was
dropped on each sample, to which no reaction took place. Gravels within the diamicton ranged
from pebble to cobbles. The surface is covered in boulders of various lithologies including
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Figure 13: Ternary diagram representations of the sieve analysis results of hand-augered soil samples from the
Bronson North quadrangle. Cohesive samples underwent wet-sieve analysis, and cohesionless samples only
underwent dry-sieve analysis. All values on both diagrams are in percentages of the grain-size composition for the
entire sample. Note: Labels represent the respective field sample number “BN-XX-17”.
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greenstones, quartzites, granites and Coldwater Shale iron concretions (Leverett and Taylor,
1915). The best example of a diamicton deposit occurs along Locke Rd. in Sherwood
Township at 41.99399°N, -85.22458°W (Plate A). This deposit lies within a drainage ditch,
exposing a four-foot deep exposure for over two-hundred feet. This exposure is a massive
diamicton bed with grain-sizes ranging from clay to boulders, tan in color and have a sandy
matrix.

Surficial deposits below 900 feet (274m) in elevation reflect what Leverett and Taylor (1915)
and Martin (1955) designated as outwash sediments. These deposits are brown to tan,
dominantly coarse-grained, and are classified as three separate units based on their topographic
expression. Sediment composition of these units averages around 94% sand, 5% gravel and 1%
mud. Deposition of the first unit (Qsg1) occurred within outwash channels surrounding the
drumlinized uplands. Its topographic surface exhibits no kettle or collapse features and is
particularly evident within channels within the drumlin uplands and gravel plains near Matteson
Lake. The outwash consists of mostly medium to coarse-sand; with occasional pebble to cobbles.
The larger clasts are generally subrounded to rounded in shape. Coarse clasts are composed of
various lithologies such as granites, quartzites, limestones and greenstones. Much of the
topographic surface of these swales is underlain by sand, as most of the pebbles and cobbles
have been separated into large piles and subsequently used for road surfaces. The second unit
(Qsg2) occurs in the southeast corner of the quadrangle, where the surface hummocky due to
collapse during melt-out of buried ice blocks. Depressions generally contain Holocene wetland
and lacustrine sediments in contrast to the sands and gravels in the surrounding areas. The third
unit (Qsg3) occurs in two separate areas near the center of the quadrangle in Matteson Lake area.
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It is characterized by visible braided stream channel bars. The best example of this unit is half a
kilometer south of Hubbard Rd. in Batavia Township at 41.96876°N, -85.16137°W. Here, gravel
bars indicate high- energy, meltwater flow towards the south and west around a group of
drumlins (Figure 14a). It is possible that this meltwater flow emanated from the Huron-Erie lobe
through a series of interconnected meltwater channels (Curry, et. al., 2014; Erber, 2016).
Sediment Characteristics of the Bronson South Quadrangle
Ninety-eight hand-auger sample cores were taken in the Bronson South Quadrangle, fiftyfive of which were used for grain-size analysis. The grain-size distribution for these samples
shows that sand is the dominant grain-size (Figure 15 and Plate B). The Bronson South
Quadrangle is dominantly underlain by outwash sands and gravels, with discontinuous diamicton
(Qds) and Holocene wetland deposits (Qp). The outwash sediment is differentiated using the
same three units in the Bronson North quadrangle based on their topographic characteristics. The
first unit (Qsg1) is a brown/tan coarse-grained sand and gravel that does not exhibit any kettle or
collapse features. The second unit (Qsg2) is the most abundant across this quadrangle and
consists coarse-grained outwash sand and gravel with kettle and collapse features. The third unit
occurs along the western edge of the quadrangle and is recognized by visible gravel bars
deposited by braided meltwater streams channels emanating from retreating glacial lobes (Figure
14c). Overall, the units contain an average of 28% gravel, 66% sand and 6% muds, which is
consistent with the descriptions of Leveret and Taylor 1915. An increase in gravel content
occurs toward the southeast corner of the quadrangle, where collapse features are most abundant.
Gravels within this area range from pebble to boulder size and are rounded and interbedded with
coarse sands. The gravel lithologies included mostly granite, greenstone, limestone, phyllite and
quartzite. Along Adams Rd. in Gilead Township is an excellent example of gravel-rich surficial
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Figure 14: Locations of the various geomorphic landform examples within the Bronson South and Bronson North
Quadrangles. Elevation and hill shade is derived from 3-meter LiDAR imagery. A: Braided stream channels bars
deposited around/between a group of drumlins. B: NE-SW eroded cut into the southernmost group of drumlins. C:
Braided meltwater stream channels bars in the Bronson Township. D: Stratified sand and gravel beds in the S. Snow
Prairie Rd. gravel pit. E: The stand-alone drumlin on Slisher Rd. in Noble, Michigan. F: An ice-walled lake plain
along the eastern border of the Bronson South Quadrangle. G: Kame deposit in the northeastern corner of the
Bronson South Quadrangle surrounded by a large collapse feature.
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Figure 15: Ternary diagram representations of the sieve analysis results of hand-augered soil samples from the
Bronson North quadrangle. Fine-dominated samples underwent wet-sieve analysis, and the Coarse-dominated only
underwent dry-sieve analysis. All values on both diagrams are percentages of the grain-size composition for the
entire sample. Note: Labels represent the respective field sample number “BS-XX-17”.

57

sediment within the agricultural fields at 41.76726°N, -85.13531°W (Plate B). Local farmers
stated that due to the coarseness and abundance of gravel, growing crops in this region is
difficult.

Lastly, discontinuous diamicton (Qds) deposits are present in the northern portion of the
outwash plain. The southern edge of the Union Streamlined Plain transects the northwest corner
of the quadrangle (Figure 14b) and one other diamicton deposit occurs along Slisher Road in
Bronson Township at 41.81814° N, -85.22032° W (Figure 14d and Plate B). The grain-size
distribution in in these diamictons averages 59% sand, 33% silt and 8% clay. The color is
brown/tan and the unit has a sand dominated matrix. The gravels are rounded and are generally
composed of granite, quartzite and greenstone.

Three local gravel pits were accessible in the Bronson South Quadrangle. The largest of these
pits is the Branch County Road Commission gravel pit off West Southern Rd. in the Gilead
Township at 41.78205°N, -85.15877°W (Plate B). This pit is located just west of the intersection
of Gilead Lake and West Southern Rd. It is approximately 35ft (11m) deep and is primarily used
for road aggregate. Exposures in this pit show multiple layers of coarse sand and gravel with
interbedded layers of medium sand. Gravel clasts within these layers range in size from 5”
(13cm) to >18” (46cm) in diameter. Lithologies of the gravels include puddingstone, sandstone,
granite, greenstone and gneiss. Another local pit exhibits this similar sediment-layer distribution
and lies within a fifty-foot deep collapse feature along S. Snow Prairie Road in Gilead Township
at 41.78550° N, -85.13675° W (Plate B). A freshly excavated, 50’ (15m) wide x 15’(5m) high
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exposure in this pit consists of multiple beds of sands and gravel, with interbedded medium sand
layers (Figure 14e). Multiple channel-fill and cross-bedding structures are present throughout
this exposure, indicating flow towards the SSE or NNW. These exposures exhibit the same size
gravels as the “Branch County Road Commission” pit but composed of pebble to cobble sized
grains.

Much of the Bronson South Quadrangle is underlain by outwash sediment with a hummocky
surface. The collapse features are due to the melt out of buried ice-blocks and the surface
mantled by large boulders in the southeast corner of the quadrangle. The glaciofluvial outwash
sediment was deposited in meltwater channels sourced at the Saginaw and Huron-Erie Lobes.
Deposits in these braided stream channels occur south of Carpenter Road in the Bronson
Township at 41.83724° N, -85.23719° W (Plate B) in an area greater than six square miles.
Maximum grain size diameter is about 4” (11cm). This sediment is comparable to the sediment
within the outwash channels south of Hubbard Rd. in the Bronson North quadrangle. Before
LiDAR was provided for this project, the interpreted direction of the meltwater flows was based
solely on the elevation profile and eroded edges of landforms in the area. Flow was determined
to be towards the WSW. The 3-meter LiDAR imagery provided much higher-resolution than the
previous 10-meter LiDAR imagery, revealing the presence of these sand and gravel bars
deposited in channels of braided meltwater streams (Figure 14c). Using the new LiDAR imagery
helped confirm flow direction was towards the WSW, essentially following the route of present
day U.S. Route 12.
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Ground Penetrating Radar in the Bronson South Quadrangle
GPR transects were completed along the Michigan-Indiana border on Greenfield Rd. in the
Bronson South Quadrangle to gather evidence to verify the subsurface sedimentary structures
within the topographic high. The 4,900ft (1,500m) long GPR transect was run from the
intersection of Orland Rd. and Greenfield Rd. to the intersection of Indiana State Rd. 327 and
Greenfield Rd. (Figure 16). The post-processed radar transects shows horizontal stratigraphy that
is not parallel to the modern topographic surface. One 80-meter-wide section towards the
western end of the transect shows multiple, mound-like, reflectors stacked one-atop another,
which is typical of braided stream channel deposits (Bridge and Lunt, 2009).
Soils of the Quadrangles
The study area consists of alifosols, histosols, entisols and mollisols, with more than 80% of
the quadrangles underlain by alifosols. The other 20% is made up of histosols, mollisols and
entisols (in decreasing order). Alifosols are coarse-grained, moderately weathered, humid
climate soils formed under deciduous (Ritter, 1978; Brady, 2002). Mollisols are soils typical of
grassland environments, such as the Great Plains, and have a thick organic A horizon. Entisols
are young soils that only have a poorly developed A-horizon. Histosols are organic soils made up
of partially decomposed organic matter that typically occurs in wetland environments and form
under anaerobic conditions. Entisols and histosols are saturated for most of the year due to
shallow water tables.
Landforms
The Bronson quadrangles differ from one another geomorphically. In the Bronson North
Quadrangle, the dominant landforms are drumlins that comprise the southwestern section of the
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Union Streamlined Plain (Figure 5). There are a total of 85 drumlins, oriented in a NE-SW
direction, with an average long-axis strike of 221° from geographic north. This orientation is
consistent with the azimuths of the drumlins within the Union Streamlined Plain measured by
Bergquist (1941), Dodson (1985), and Kozlowski (1999). Leverett and Taylor (1915) described
the till ridges as northeast-southwest trending, sharply undulating, elongate ridges that rise 20-60
feet (6m to18m) above the surrounding gravel plains. The drumlins, as stated above, consist of
brown sandy diamicton and are surrounded in swales underlain with coarse-grained outwash
and/or Holocene wetland deposits. These findings agree with observations by Martin (1955) and
Dodson (1985). The average lengths and heights are 3,500ft (1068m), and 68ft (21m),
respectively. The drumlins of this area are more elongated than those north and east of the field
area (Dodson, 1985; Kozlowski, 1999). Three blocks of drumlins within this section were
truncated by high-energy meltwater stream flows (Figure 14a &14b). The southernmost block of
drumlins of the Union Streamlined Plain; rises higher above the surrounding outwash plains
(Figure 14b) than other parts of the field (Leverett and Taylor, 1915). The southern edge of this
block is highly eroded and rises over 80ft (24m) above the surrounding plain.

Kames and ice-walled lake plains are present along the eastern edge of the Bronson South
quadrangle. Two interpreted ice-walled lake plains have an average area of 0.2mi2 (0.5km2)Figure 14f). These small, flat topped plateaus have a maximum elevation change of ± 5ft (1.5m).
Based on water well drillers logs, the stratigraphy of the ice-walled lake plains consists of sand
beds atop lacustrine sediment. Two kames occur within the same area as the ice-walled lake
plains, one of which is conical and surrounded by a collapse feature (Figure 14g), whereas the
other is elongated and ridged. Both are capped by medium sand, overlying a lens of sorted
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Figure 16: Top: Sub-horizontal reflectors in the subsurface below Greenfield Rd. in Noble, Michigan (Figure 9). These horizontal reflectors show sediment
layering in the subsurface. Bottom: Gravel bar deposits within a valley along Greenfield Rd. in Noble, Michigan. The mound-like reflectors represent layers of
subsurface stratigraphy, which in this case, are gravel bar deposited in channels of a braided meltwater stream. Note: The GPR transect has been corrected for
true surface elevation, creating the bends of the display above.

pebble-sized gravel. The conical-shaped kame has been previously mined for aggregates,
exposing sorted sand and gravels, with interbedded fine-grain lenses in the northwestern face of
the feature. These hills were noted by Leverett and Taylor (1915) as multiple isolated knolls that
rise over 20 feet above the surrounding gravel plains. Numerous other conical and elongated hills
occur in the northeastern section of this quadrangle, but due to lack of property access, they
could not be accessed for investigation.
Bedrock Topography
The topography of the underlying bedrock is an integral factor affecting the formation of
sediment-landform assemblages. The thick package of glacial drift overlying bedrock in the
study area requires the use of the passive seismic method, along with oil well, and water well
drilling logs, to delineate the bedrock topography. More than 199 Tromino passive seismic
survey readings were taken, and bedrock depths from two oil, and 42 water wells were used to
create the map. Interpolation of the data points was undertaken through ESRI’s ArcMap program
using the Radial Basis Function method to create maps of the two quadrangles for both bedrock
topography and glacial drift thickness (Figures 17 and 18). These maps illustrate effect the
bedrock topography has on the formation of landforms and the distribution and extent of
aquifers.

The bedrock topography underlying the field area was relatively unknown before this study.
As stated above, Rieck and Winters (1979) claim that prior to the multiple glaciations throughout
Michigan, the landscape of southern Michigan was eroded by fluvial processes. The bedrock
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Figure 17: Bedrock Topography of the Bronson North and Bronson South quadrangles. This map was created by
interpolating the depth calculated using equation 3 with all accepted HVSR data points and subtracting that depth
from the surface elevation, provided by the LiDAR imaging of the field area. Bedrock depths from residential water
and private oil wells were used as well. The crest of the Coldwater cuesta is outlined with a red line, whereas its
lower elevation base is outlined in yellow. The cuesta shows an overall trend in a NNE-SSW direction. The crosssection shows the variation in the grade of the cuestas scarp towards the lower elevations to the south and west.
Note: The quadrangle boundaries are outlined in black.
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Figure 18: Drift Thickness map of the Bronson North and Bronson South Quadrangles. This map was generated
This map was created using interpolated passive seismic survey HVSR data points and bedrock depths from
residential water and private oil wells. The drift thickness was generated by using equation 3 on accepted HVSR
data points within the study area.
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surface underlying this area is a conglomerate of fluvial erosion prior to glaciation and glacial
alteration. These deeper valleys were then filled with glacial drift during advance and retreat of
the glacial ice. Throughout southern Michigan, buried valleys are expressed at the surface and
contain modern drainage ways. Kozlowski (1999) determined the location and depth of multiple
valleys in the East Leroy and Union City Quadrangles in Calhoun County. Using 100 water well
logs; a hand-drawn contour map of bedrock topography was constructed showing the existence
of bedrock valleys and bedrock scarps underlying the East Leroy and Union City Quadrangles. It
was noted that most Holocene drainage ways within these quadrangles follow the bedrock
valleys and that the bedrock scarps may have been a factor in the movement and stagnation of
glacial lobes. The largest of these drainages is the St. Joseph River. This river traverses through
the Union City Quadrangle, in a northeast-southwest direction north of the Bronson North
Quadrangle.

Rieck and Winters (1982) first described the existence of bedrock cuestas, or large bedrock
scarps, in both the Marshall Formation and Coldwater Shale throughout southern Michigan. One
significant cuesta was within the Coldwater Shale, though the exact location could not be
accurately determined in western Branch County due to a lack of data. This cuesta is of great
interest due to the lack of overlying Marshall Formation in the area. Rather, the cuesta is
developed in the weak, and poorly resistant Coldwater Shale. It is an anomalous situation within
this part of the Michigan Basin, as most cuestas here occur at the contact between two different
rock units, such as the Marshall Formation and Coldwater Shale in northern Calhoun County.
The strike direction is north-northwest to south-southeast. Cuesta erosion is likely controlled by
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local fault systems and enhanced by permeability differences of the local bedrock. Plucking and
quarrying of the overlying Marshall Formation and Coldwater Shale possibly
occurred within this area. The Marshall Formation appears to have been heavily quarried, mostly
due to its high permeability, allowing for meltwater and ice to intrude in between individual
joints and fractures. However, the Coldwater Shale has a low permeability, as compared to the
Marshall Formation, and water would not be able to infiltrate between grains, making quarrying
less probable. Chung (1973) stated the presence of the iron concretions, would have slowed
abrasion of the uppermost Coldwater Shale, making it act as a caprock. This would have
promoted the formation of a planar table upland on the crest of the scarp. Another factor could be
the more resistant Coldwater Lime, which is present in parts of southwest Michigan. No
evidence for the existence of this formation has been found in the study area.

Based on the discussion above, a bedrock scarp delineated in the two quadrangles (Figure
17). The crest of this scarp runs NNE from the southeast corner of the Bronson South
Quadrangle to the north-central edge of the Bronson North Quadrangle. This orientation is
similar to the orientation of the bedrock scarp described by Dodson (1985) and Kozlowski
(1999). The scarp found in this study area lies to the southwest of where the Coldwater cuesta
would be located (Rieck and Winters, 1982). The trend of the Coldwater cuesta in the study area
is perpendicular to the ice-flow direction, suggesting a glacial origin. Overall, it is a flat-topped
plateau bordered by a lower surface to the west. From east to west, there is more than 300ft
(91m) of relief. The highest elevation of this scarp is 950 feet-amsl (290m) whereas the lowest
elevation is around 650 feet-amsl (198m) with a steep grade along its western edge. Within the
Coldwater cuesta is a four-mile wide, 100-foot deep valley carved near the boundary between the
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two quadrangles. This bedrock valley is located below a flat, low-relief, glacial outwash plain
comprised of sediments derived from either the Saginaw or Huron-Erie Lobe. The valley
elevation decreases, and width broadens towards the south and west.
Drift Thickness
The thickness of the drift within the study area ranges from 20 to 299 feet (6 to 91m) and was
determined by using equation 3 to determine the thickness of the drift for all accepted HVSR
data points within the study area (Figure 18). The thickest drift occurs within the Bronson South
Quadrangle, below a topographic high, comprised of stratified sediment. The depth of the drift in
this area agreed with the findings of Leverett and Taylor (1915) and Rieck and Winters (1982)
using local water well records. The thinnest drift is found above the Coldwater cuesta. Toward
the western boundary of the field area, there is another pocket of thicker drift, underlying the
southwestern-most drumlinized uplands. The drift thins from this point to the southern border,
where is overlies a buried NE-SW trending bedrock valley. The thickness of the drift agrees with
monitoring wells at the Bronson EPA superfund site where drill depths exceeded 100ft (31m) but
did not penetrate bedrock (Graff, personal comm).
Error Analysis
The Tromino Passive Seismic Survey System relies on a power-law regression calibration
curve to determine the depth that each resonance frequency wavelength represents. For this
project, 11 bedrock-penetrating water and oil wells were used to create the calibration curve
(Figure 11). The equation of the power-law trendline through the points was: y = 264.08*(x^1.869). The y represents the depth to bedrock in feet, and the x represents the resonance
frequency in Hertz (Hz). The R-squared value, describing the quality of fit of this trendline was
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0.95, or 95%. This equation was used to calculate bedrock depth. The calibrated bedrock depths
either increased or decreased the bedrock depths when compared to their known values,
producing an average error of 18%. The passive seismic system works best in areas that exhibit a
“two-layer case” where a deposit of drift lies above bedrock (Esch and Sauck, 2015; Feldpausch,
2016). This is not true for this study area and in much of Calhoun County to the North. Sediment
below the surface in the study area is interlayered packages of fine to coarse sand with gravel,
gravel lenses, intermittent layers of silts and clay and diamicton. The average shear wave
velocities within sand are around 180-250m/s, while clay has a shear wave velocity of around
100-180m/s. Changes in material can affect how quick the shear-wave velocity travels through
the subsurface. Alternating denser and softer layers can attenuate the wave, causing distortion
and, affecting the amplitude of the peak. Another issue with this region is that the bedrock
surface is not uniform, as noted from Geoprobe, wireline and rotosonic borings in areas to the
north and west, the boundary varies, as either a gradual or a sharp contact, where the diamicton
stops and the bedrock begins. The bedrock surface at the top of the Coldwater Shale is heavily
weathered. The overlying glacial till entrains clasts of the shale and acquires the color of the
shale itself. The exact bedrock contact can vary as the greasy, grey and fissile shale reflects the
same inherent features as tills. The till in the study area may share the same inherent shear-wave
velocity as the Coldwater Shale itself, and it is likely that the Tromino is picking up a change in
acoustic impedance, rather than a lithologic boundary. This method may also be responding to a
velocity change within the Coldwater Shale itself. This formation is known to vary in its
sediment composition. It is known to have sandstone and limestone marker beds within Branch
County (Wooten, 1951; Martin, 1955; Chung, 1973). This has been an ongoing issue, as bedrock
depths in water well logs may be inaccurate, making the error of the calibration curve increase.

69

Another source of error could be due the large distance (in some cases greater than 7mi
(11km) between the calibration points and field measurements. The calibration points, aside from
two 80+ year old exploratory dry-oil wells, were in the northeastern corner of the Bronson North
quadrangle. This region of the study area had the thinnest drift, which differs from the drift that
is on average over 150+ feet thick in the southern quadrangle. The calibration points were either
shallow wells or deep wells without points of intermediate depth. The wells that ranged between
70 and 170 feet plotted far off the line fitted to all the calibration points. Thus, these outliers
were rejected and not used in the final power-law fit.
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CHAPTER V
DISCUSSION
Interpretation of the glacial history and landforms within the study area was aided by work
from other glaciated regions. The landscape within the quadrangles was influenced by two
asynchronous glacial lobes, leading to a more diverse suite of landforms than would be expected
in an area of 720mi2 (1,865km2). From an ice margin at the Sturgis Moraine, extending back to
the Union Streamlined Plain, the sediment landform assemblages fit the model of Landsystem B
by Colgan et. al., (2000). Colgan, et. al., (2000) describe the landforms present in Landsystem B
as drumlinized terrain. Landforms, such as drumlins, ice-walled lake plains, outwash plains and
high-relief hummocky end-moraines are common in this landsystem. The subglacial zone is
dominated by drumlins formed from a thin basal till deposited the overriding glacial lobe. These
drumlins typically have cores of stratified sand and gravels, or material that predates the
formation of the drumlins. Within the marginal zone, ice-walled lake plains and the end moraine
are found with pro-glacial outwash plains. Though, the outwash plains also extend eastward from
behind the Sturgis Moraine from the retreat of the glacial lobes out of the landsystem.
Bedrock Topography
The Coldwater Cuesta’s exact location to the north and east of the City of Bronson, Michigan
has been relatively unknown until this study. Using the available water and oil well records, and
calibrated depths from the Tromino recordings, the bedrock topography was delineated (Figure
17). The bedrock surface has a plateau-like crest, grading gradually to a flat, lower surface at its
base, to the west (Figure 17, 19, 20 – Rieck and Winters, 1982). Steeper sections occur
intermittently toward the center section of the cuesta in the study area.
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Figure 19: Overview of the bedrock cuestas in southern Michigan (adapted from Rieck and Winter, 1982). The
highest elevations of these cuestas are known as “crests”, whereas the lowest elevations are known as “bases”. On
the chart above, the Coldwater and Marshall are references to their respective cuestas. The study area crest/base and
the quadrangle boundaries referenced above are the Bronson North and Bronson South 7.5-minute quadrangles of
this project. The study area outlined in red is the original study area where Rieck and Winters (1982) first described
the existence of bedrock cuestas beneath the glacial drift.
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Figure 20: Overview of the shape of the Coldwater cuesta. A difference in the grade of the scarp of the Coldwater cuesta, as first described by Rieck and Winters,
1982. The two cross sections above show the varying grades of the scarp, either a gradual decline in elevation, or a very steep grade. The block diagram created
by Rieck and Winters, 1982, reflects similar grades. The block diagram is viewed from the NW corner of the Bronson South Quadrangle in a N 35° direction.

Evidence for the formation of the Coldwater cuesta has been speculated in previous studies
(Rieck and Winters, 1985; Dodson, 1985). The Coldwater Shale has been noted by Wooten
(1951) to have an abundance of kidney iron, or iron concretions within its uppermost section.
Chung (1973) stated that a higher abundance of these iron concretions can slow the abrasion
from an overriding ice sheet, acting as a cap rock itself. Weaker points of this shale would be
quarried and eroded off at a much slower rate. It is also possible that limestone or dolostone
sections, described by Lane (1893), Wooten (1951) and Chung (1973), within the Coldwater
Shale could be supporting the cuesta, but no evidence has been put forth to support this theory.

Rieck and Winters (1979) described the correlation between the buried bedrock valleys and
modern drainageways in southern Michigan. The buried bedrock valleys generally trend NE-SW
or N-S. The NE-SW trending valleys were by both pre-glacial fluvial erosion and by the
subsequent Quaternary glaciations. Rieck and Winters (1979) mention that most of lakes within
Branch County lie directly above bedrock valleys and the drift is on average around 180ft (55m)
thick in the western end of the Bronson North Quadrangle and within most of the Bronson South
Quadrangle. Matteson Lake and Gilead Lake both are oriented NE-SW and lie atop drift that
averages around 150ft (46m) and 250ft (76m) thick, respectively. It is possible that these valleys
and lakes expressed at the surface were formed solely by glacial processes. The only evident
bedrock valley lies along the U.S. Route 12 corridor (Figure 20). This valley is 80ft deep on
average and is around 1km wide. It occurs along the eastern border of the study area and is just
under two miles long before widening into a broad plain to the west. The modern drainage routes
within the study seem to flow down the slope of the bedrock cuesta, though it is likely to be
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flowing along the regional land surface slope towards the west. These modern drainageways all
flow towards the west, eventually draining into the former glacial sluiceway that is the modern
St. Joseph River Valley.
Landforms
The surface topography varies significantly between the two quadrangles (Figure 1, 5 and
14). Relief in the Bronson North Quadrangle reaches more than 130ft due to the drumlins
dominating the surface, whereas the Bronson South Quadrangle has an overall relief of 164ft
ranging from the southern border of the Union Streamlined Plain in the northwest to a
topographic high in the southeastern corner. Hummocky topography containing kames and icewalled lake plains are present in the southern quadrangle, suggesting stagnation of debris
covered ice. In contrast to the Bronson South Quadrangle, landforms in the Bronson North
Quadrangle are indicative of wet-based flow and basal deformation to form drumlins.

The southern portion of the Union Streamlined Plain lies within the Bronson North and
Bronson South Quadrangles (Figure 1, 5 and 14). The drumlins in the northern portion of the
study area have an average long-axis strike of 221° (N 41° E), with an average length and height
of 3,500ft (1068m) in length, and 68ft (21m), in relief. Drumlin forms differ in shape from
northeast to southwest. The northeastern drumlins are elongated and streamlined, whereas the
southwestern drumlins are irregular and shorter in length. Streamlined landforms, such as
drumlins, are formed subglacially, though there is still much debate as to whether the genetic
process is primarily accretional (Vreeland, et. al., 2015; Eyles, et. al., 2016) or erosional (Shaw,
2002; Hopkins, et. al., 2016). Dodson (1985) suggested that these streamlined landforms were
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formed by subglacial accretionary processes due the low-permeability of the underlying
Coldwater Shale. The relationship between the shale subcrop and the drumlinized uplands of the
USP have been noted by previous studies in southwest Michigan (Taylor and Fisher, 1995;
Brown, et. al., 1999; Kozlowski, 1999; Fisher and Taylor, 2005; Kozlowski, 2005; Kehew, et.
al., 2012b; 2017). The northern border of the USP occurs near the subcrop between the Marshall
Formation and Coldwater Shale, and the southern border is a few miles northeast of the Sturgis
Moraine.

The permeability of the Coldwater Shale is the main characteristic that sets this formation
apart from the Marshall Formation to the northeast (Figure 2). The Coldwater Shale is primarily
composed of lithified silts and clays, making it impermeable. This characteristic of the bedrock
prevents water from penetrating through the small pores of the rock, thus causing for water to sit
atop its surface. With the toe of the Saginaw Lobe frozen to its bed, the meltwater up-ice, where
thawed bed conditions occurred, would be under hydrostatic pressure and would not be able to
escape (Dodson, 1985; Patterson and Hooke, 1995; Taylor and Fisher, 1995; Kozlowski, 1999;
Kehew, et. al., 2012; Kehew, et. al., 2017). The impounded meltwater, under high basal fluid
pressure, beneath glacial lobes with thawed bed conditions will undergo rapid sliding due to the
lack of friction (Clayton, et. al., 1985, Clayton, et. al., 1989; Taylor and Fisher, 1995; Kozlowski,
1999; Kehew, et. al, 2017). The presence of meltwater, and the rapid sliding of the glacial lobe
would lead to the deformation of the basal sediments due to a weaker till rheology and the
saturation of the sediments (Menzies, 1979; Boulton and Hindmarsh, 1987). Streamlined
landforms are formed by the movement of the ice sheet atop the deformed basal sediments in a
direction parallel to the ice flow (Kehew, et. al., 2012a, Kehew, et. al., 2017). Drumlin formation
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halted closer to the ice margin as the bed of the glacier became frozen to its bed as the conditions
at the base of the glacier dropped below the pressure melting point (Dodson,1985, Kozlowski,
1999, Benn and Evans, 2010, Kehew, et. al, 2012a, Kehew, et. al., 2017). Meltwater escaped
from underneath the glacier by breaking through, or flowing underneath, the permafrost wedge
under the frozen toe of the Saginaw Lobe, developing tunnel valleys (Clayton, et. al., 1999;
Kehew, et. al., 2007; Kehew, et. al., 2012a; Kehew, et. al., 2013; Kehew, et. al., 2017). Sudden
outbursts from these tunnel valleys are thought to form large outwash fans at the Sturgis Moraine
(Hooke and Jennings, 2006; Kehew, et. al., 2007; Kehew, et.al., 2012a; Kehew, et. al., 2017).
The formation of irregular drumlins closer to the Sturgis Moraine was thought to have been
formed under thin ice conditions as the glacial lobe began to slow. These conditions would cause
the till rheology to increase, decreasing the deformity of the basal sediment (Kehew, et. al.,
2017).

The proposed theory by Kehew, et. al. (2017) describes the possible formation of the Union
Streamlined Plain by the Saginaw Lobe, but one issue still needs to be addressed. The shape of
the streamlined landforms varies from the northeast to the southwest in the study area. Elongated
streamlined landforms occur in the northeast corner of the Bronson North Quadrangle, whereas
the drumlinized uplands along the western border of the study area are irregular and short in
shape and size, respectively. The relationship between the Coldwater cuesta, and the drumlins
could be the mechanism for formation of these features (Figure 21). A possible mechanism could
be the change in the conditions at the base of the glacier over the field area. In the northeast
corner of the study area, the thickness of the drift varies between 20ft-50ft (6m-15m), whereas
the southwest, drift thickness is greater than 250-300ft (76-91m). A drop in basal
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Figure 21: LiDAR hill shade overlain with the reconstructed bedrock hill shade over the Bronson North and Bronson
South Quadrangles. The red line represents the cuesta crest, whereas the yellow line represents the base of the
cuesta. Note: To the southwest of the base, the number of, and streamlining of the drumlins decreases.
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pore pressure would cause sliding of the glacial lobe to slow down. This would lead to a decrease
in the deformability of the basal sediments. These two factors could lead to the formation of less
streamlined, or more irregular drumlins closer to the ice margin (Knight, 2010).
Sediment-Landform Assemblages and Bed Conditions
The landscape of the Bronson North and Bronson South quadrangles are similar to what is
seen in central Wisconsin. The bed conditions of the Saginaw and Green Bay Lobes were similar
during the Wisconsinan Glaciation, causing the formation of drumlins, tunnel valleys and ridged
ice margins, up-ice- and along the toe of the glacial lobe, respectively. Kehew, et. al., (2012a;
2017) described the nature and formation of various landsystems formed by the Saginaw Lobe
similar to how Attig, et. al. (1989) and Colgan and Mickelson (1997) described the landforms of
the Green Bay Lobe.

Drumlins indicate deforming bed conditions caused by a glacier under or at the pressure
melting point, allowing for the pooling of meltwater at the sole of the glacier (Menzies, 1979;
Boulton, 1987; Attig, et. al., 1989; Taylor and Fisher, 1995; Colgan and Mickelson, 1997;
Kozlowski, 1999; Kehew, et. al., 2012a; Kehew, et. al., 2017). Meltwater at the sole of the
glacier would be under hydrostatic pressure, causing saturation of basal sediments by the
infiltration of meltwater. This led to formation of drumlins by deformation of basal sediments by
the overriding glacial lobe. Attig, et. al. (1989) related the landforms of the Green Bay Lobe
from the up-ice drumlins to its narrow ice margin, to its basal bed conditions. The narrow ice
margin represents a frozen bed glacier with supraglacial deposits in front of the margin, with
tunnel valley cutting through the moraine. These conditions occurred at the Sturgis Moraine of
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the Saginaw Lobe with tunnel valleys cross-cutting the moraine to the east of this projects study
area (Kozlowski, 1999; Kehew, et. al., 2012a; Kehew, et.al., 2017). Attig, et. al., (1989)
described that the drumlins formed by the Green Bay Lobe were formed during advance of the
lobe to its maximum extent under the thawed-bed zone of the glacier. The till capping these
drumlins has a high sand and gravel content unlike tills near the ice margin. For the drumlins to
form, the glacier needs to be sliding on its bed, and the sediments undergo sub-ductile
deformation at the sole of the glacier (Mickelson, et. al., 1983). The ice-margin of the Green Bay
Lobe was under frozen bed conditions, with a thick permafrost wedge along the margin (Attig,
et. al., 1989; Colgan and Mickelson, 1997).

Within the two quadrangles of this project, the bedrock surface decreases in elevation from
east to west. This is reflective of what is seen in the study area for Kozlowski (1999) where a
cuesta lies near the middle of the study area but has no effect on the formation of drumlins within
the area. The Bronson North quadrangle is dominantly drumlinized, while the Bronson South
southern quadrangle is dominated by a vast sandur. There are NE-SW trending landforms in this
quadrangle, but proper identification as to what the true nature of these landforms could not be
achieved. Overall, the landforms of these study area were formed under thawed bed conditions at
the sole of the Saginaw Lobe based on the presence of drumlins and oriented valleys on the
surface of the quadrangles.
Timing and Possible Sequence of Events
Accurate dating of glacial events in the study area was not possible, as no organic or OSL
datable material were collected. Therefore, the relationship between Saginaw Lobe and Huron80

Erie Lobe outwash sediments is based solely on previous studies, field observations and crosscutting relationships. The sediments that occur at the surface of the study area were deposited
during the Michigan Subepisode of the Wisconsinan Episode of glaciations starting around
28,000 cal yr (Larson and Kincare, 2009). Prior to reaching its Last Glacial Maximum (LGM),
the Saginaw Lobe advanced across the study area from NE-SW prior to 24,000 cal yr (Figure
22A). Upon reaching the LGM around ~24,000 cal yr, the Saginaw Lobe then retreated
northeastward to the Sturgis Moraine (Figure 22B). During the retreat to the Sturgis Moraine, or
points north, outwash sediments were deposited over detached iced blocks within previously
eroded tunnel valleys extended towards the Shipshewana Moraine. The Saginaw Lobe then
retreated north of the study area, either to the Tekonsha uplands or to its respective Kalamazoo
Moraine (Figure 22C). A later readvance to the Sturgis Moraine occurred around 20,000 cal yr,
and during this advance, the Union Streamlined Plain was formed (Figure 23A - Kehew, et. al.,
2017). As the Saginaw Lobe advanced, large blocks of ice were detached from the lobe and
buried underneath basal sediments between drumlins, and within the outwash plains of the
Bronson South Quadrangle. The Saginaw Lobe then stagnated at the Sturgis Moraine until the
beginning of the Erie Interstade. During this time, outburst events from tunnel valleys that lie
beneath the permafrost wedge on the moraine may have occurred. These outburst floods caused
large amount of sediments to be deposited above previously eroded tunnel valleys and form the
outwash aprons present in front of the moraine today (Hooke and Jennings, 2006). The Saginaw
Lobe then retreated northeastward to the Kalamazoo Moraine during the Erie Interstade around
17-16,500 cal yr (Figure 23B - Monaghan and Larson 1986; Monaghan, et. al., 1990; Kozlowski,
1999; Kozlowski, 2005). Meltwater emanating from the Saginaw Lobe during its final retreat
flowed through the study area from the north. Meltwater streams flowed around drumlinized
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Figure 22: First half of the reconstruction of the glacial history of the study area during the Michigan Subepisode of the Wisconsinan Glaciation.
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Figure 23: The second half of the reconstruction of the glacial history of the study area during the Michigan Subepisode of the Wisconsinan Glaciation.

upland blocks, depositing sediment on the USP. During the start of the retreat from the Sturgis
Moraine, the Huron-Erie and Lake Michigan Lobes advanced asynchronously into previous
Saginaw Lobe territory. These lobes reached their maximum extent around ~19,000 cal yr,
before eventually retreating at the start of the Erie Interstade (Monaghan and Larson, 1986;
Monaghan, et. al., 1990; Kozlowski, 1999; Kozlowski, et.al., 2004; Kozlowski, 2005; Kehew, et.
al., 2012a; 2017). Meltwater flows from the Huron-Erie lobe began flowing through the study
area (Figure 23C). Flows from the Huron-Erie Lobe were high-energy and truncated three blocks
of drumlins within the USP. These truncations were made by flows from the south and east,
which stream channel deposits nearby. Huron-Erie lobe deposits are underlain by Saginaw Lobe
sediments to the north and south of the study area (Brown, et. al. 1999; Erber, 2016). By 11,500
cal yr, the Lower Peninsula of Michigan was ice-free. Since then, the formation of the various
soils and the melting out of buried ice blocks has caused the pitted nature of the surface present
in the study area today.
Comparison with Previous HVSR Studies
Calibration of the passive seismic HVSR method is needed in any field area where the
method is to be employed. Published HVSR survey results for the Midwestern states show
variation in the power-law regression on log-log plots for the Drift Thickness (meters) vs.
Resonance Frequency (Hz). Through the work of Esch (2016), Feldpausch (2017), Chandler
(2016), and Seiderman (2018), a range in the “a” and “b” values are seen from 68.72 to 190.35
and -1.025 to -1.869, respectively. These areas have somewhat similar geologic settings in that
that all are covered by glacial drift. However, all are unique in regard to the proportions of clay,
silt, sand and gravel, as well as the number of glacial advances to which they have been
subjected. The areas in Michigan where Esch (2016), Feldpausch (2017), VanderMeer (2018),
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and Seiderman (2018) employed the HVSR method have drift thicknesses ranging from over 800
to just under 28 feet with an underlying bedrock of either Cambrian Sandstones to Mississippian
Shales. Each study area has different conditions with regards to the thickness of the drift and
condition of the bedrock/drift boundary. This variation and the range in differences between the
constants means that a single statewide curve is not appropriate. The calibration curve from this
project in Branch County has values for “a” and “b” of 80.49 and -1.87, respectively. Based on
water and oil well drillers logs, the subsurface only varies in depth to bedrock, while the bedrock
is Coldwater Shale throughout. The variation in these curves can be linked to the number of
calibration points, length of recording time, processing differences and errors in reported depth
to bedrock. Chandler (2016) produced several calibration curves similar to the studies mentioned
above. The largest difference in geologic setting was that bedrock in those parts of Minnesota
and Wisconsin is largely metamorphic rock, much denser and rigid than the bedrock in most of
the Lower Peninsula of Michigan. Even with a denser bedrock, the overlying drift has the same
lithologies and stratigraphy as the study areas in Michigan. The curve’s regression “a” and “b”
values of 127 and -1.26 produced by Chandler (2016) for southeastern MN and western WI fit
within the range of the Michigan studies. While studies in two states with similar geologic
settings, produce generally similar regression values, every study area produced different values.
Thus, for every study area that uses the HVSR method, a new calibration curve must be
produced.
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CHAPTER VI
CONCLUSIONS
Glaciation is the primary factor for the formation of the landforms and sediments of the
Bronson North and Bronson South 7.5-minute Quadrangles in western Branch County,
Michigan. The drumlins within the Bronson North quadrangle were formed during the final
advance of the Saginaw Lobe in a southwesterly direction to the Sturgis Moraine around 20,000
cal yr. The Saginaw Lobe then retreated and deposited outwash sediment across the study area in
swales bordering the drumlinized uplands and through the sandur in the southern quadrangle.
Outwash sediments from the Huron-Erie Lobe were deposited by high-energy braided stream
channels above the previously deposited Saginaw Lobe sediments.

The Mississippian Coldwater Shale is the underlying bedrock in the study area. The bedrock
topography is variable due to erosion by fluvial processes and multiple glacial advances through
the study area. The highest elevation of the bedrock lies in a NNE-SSW trending scarp along the
eastern border of the study area, known as the Coldwater Cuesta (Rieck and Winters, 1982). The
orientation of this scarp coincides with the trend of the Marshall Cuesta in the East Leroy and
Union City 7.5-minute quadrangles to the North of the study area. Only one distinct bedrock
valley was found along the eastern border of the study area trending from the northeast to the
southwest. This valley is consistent with the trends of valleys of pre-glacial origin proposed by
Rieck and Winters (1989) and Kozlowski (1999). The use of the HVSR method was the most
valuable contribution in determining the topography of the bedrock surface below the field area.
Without the use of this method, the depth to bedrock across the field area would only
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be constrained to existing water and oil wells drillers log, which may also have incorrect depths.

The glacial drift in the field area is variable in thickness and in distribution. The glacial drift
thickness in the study area ranges from 20 to around 300 feet, with the thickest drift occurring in
the southwest corner of the Bronson South quadrangle. No bedrock outcrops exist in the field
area due to the thick accumulation of drift above the bedrock surface. The drift within the swales
between drumlins in the Bronson North quadrangle and within the sandur of the Bronson South
quadrangle contain aquifers large enough to sustain high capacity wells for crop irrigation
systems and residential water supply. The stratigraphy of this sandur consists of interbedded
sands and gravels, with intermittent layers of silt and clays, which are rarely exposed, except in
gravel pits (Figure 14e). Till layers occur towards the northern end of the sandur, but their extent
other than as recorded in monitoring well logs in the City of Bronson, Michigan, is not known.
Diamicton is the dominant lithology in the northern quadrangle above 900ft (274m). This sanddominated cohesive lithology contains large amounts of rounded gravel of various lithologies
(Figure 13 and 15). Based on water well logs, the stratigraphy of the northern quadrangle is more
complex.

Landforms of the Bronson North and Bronson South 7.5-minute Quadrangles are
representative of supraglacial, subglacial and proglacial environments. Drumlins in the northern
quadrangle formed during the last advance of the Saginaw Lobe to the Sturgis Moraine. These
subglacial landforms formed by deformation of basal sediment at the sole of the rapidly sliding
Saginaw Lobe during its final advance. The kames and ice-walled lake plains formed
supraglacially during the retreat of the Saginaw Lobe. The various units of outwash sand and

87

gravel formed in three sequences: Qsg1 was deposited by the high-energy meltwater flows by the
Saginaw Lobe, followed by the Huron-Erie Lobe. Qsg2 was originally deposited along with
Qsg1, but its pitted surface formed some time later by the melt out of buried ice blocks from the
Saginaw Lobe. Qsg3 was the last unit to be deposited, and its sand and gravel bars likely resulted
from high-energy braided stream meltwater flow from the Huron-Erie Lobe during its final
retreat. These three units, and their wide distribution over the study area can provide ample
aggregate resources for infrastructure projects by local municipalities within a reasonable
distance.

The groundwater resources in the study area occur within permeable sediments deposited by
the Saginaw and Huron-Erie lobes during the Wisconsinan glaciations. The best aquifers lie
within the coarse-grained outwash units (Qsg1, Qsg2 and Qsg3) as noted by the high-capacity
crop irrigation systems developed in these units. The water table lies within a few feet of the
surface in the southern quadrangle. Hand-augering sampling penetrated the water table within
four feet of the surface over much of the southern quadrangle and within swales bordering the
drumlins in the northern quadrangle. Due to the permeability of the surficial sediments,
contamination of shallow aquifers can be rapid, with little protection from pollution from the
surface. Residential and domestic water wells are also found within the sandstone layers of the
Coldwater Shale towards the northeastern corner of the Bronson North quadrangle. Water within
the shale is likely saline and is high in free-ion content due its carbonate makeup.

The project demonstrates the importance of three-dimensional mapping that is needed in
most areas of Michigan. The stratigraphy and distribution of sediments in most areas of

88

Michigan and the Midwest are poorly understood. This is especially true within Michigan, where
only 10% of the state has been mapped at a detailed scale. Glacial deposits, within much of
southwestern Michigan sufficient for supply safe drinking water, and reservoirs for high capacity
crop irrigation systems. Coarse-grain sediments within southwest Michigan can supply
aggregates needed for infrastructure and civil projects within a reasonable haulage distance. The
data collected, and the maps created as part of this project will provide better information on the
glacial geology for land use permitting.
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Appendix A
Bronson North Sieve Analysis Results
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Plate A

Surficial Geology of the Bronson North 7.5-Minute Quadrangle, Branch County, Michigan

202

203

Plate B

Surficial Geology of the Bronson South 7.5-Minute Quadrangle, Branch County, Michigan
and Steuben and Lagrange Counties, Indiana
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